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 ABSTRACT 
 
Haloacetic acids (HAAs) are a group of disinfection by-products (DBPs) found in 
drinking water which are regulated in the USA but not yet in the EU. Epidemiology 
tests have shown that they may have carcinogenic and mutagenic effects on human 
beings. HAAs are produced during the disinfection process from the use of chlorination 
and they may persist during water distribution and finally reach the customers’ tap at 
concentrations of concern. The formation of HAAs arises from the reaction between 
precursor material – principally natural organic matter (NOM) – and chlorine, and the 
species and amount of HAAs produced depends on the nature of the NOM and the 
reaction conditions, such as the temperature, chlorine dose, pH, and the presence of 
bromide.  
 
NOM is a heterogeneous mixture of numerous organic molecules originating from 
aquagenic and pedogenic sources, and its content changes significantly with water 
source, and temporarily for a given water source. Due to the complex properties of 
NOM, no conclusive connections have been established between the properties of 
precursor materials and HAA formation (compound yield or individual species 
distribution). The thesis provides details of a new-developed fractionation method that 
has been used to characterise NOM obtained from natural waters. This method can 
effectively reveal the effect of seasonal variation and traditional treatment on NOM 
properties. The reactivity of each organic fraction in terms of HAA formation, seasonal 
variation and treatment efficiency has also been studied and is discussed in the thesis. 
Algae represent an important component of NOM, and as such algae species can also be 
responsible for the formation of HAAs. The thesis describes an extensive study of two 
prominent algae species in terms of their role in producing trihalomethane (THM) and 
HAA compounds, and their productivity in comparison with other organic precursors. 
 
Finally, the presence of bromide ion in source water leads to formation of brominated 
HAA species during chlorination which are believed to be of greater toxicological 
significance than non-brominated species. This thesis summarises an experimental 
investigation of the fundamental role of bromide in HAA formation and the relationship 
with initial NOM concentration and chlorine dose. 
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 INTRODUCTION 
 
1.1 Background  
Haloacetic acids (HAAs) are formed when the natural organic matter (NOM) present in 
the source water reacts with chlorine during the disinfection process. They are one of 
the biggest groups of disinfection by-products (DBP) in chlorinated drinking water and 
are considered to possess carcinogenic and mutagenic properties. There are 3 main 
kinds of haloacetic acids, namely: chlorinated, brominated and iodinated haloacetic 
acids. However, the iodinated haloacetic acids are seldom detected in the finished water. 
There are two reasons to explain this: firstly, the level of iodide ions present in raw 
water is very low, thus this limits the formation of iodinated haloacetic acids; secondly, 
as reported by Zhang and Minear (2002), the iodinated haloacetic acids decompose very 
fast in water, with some species having a half life of less than 2 hours. Therefore, 
attention is currently focused only on nine chloro-brominated HAA species, including 
chloroacetic acids, bromoacetic acids and the combined chlorinated and brominated 
haloacetic acids. Among them, five have been regulated in the USA by the current Stage 
I of DBP rules and also are included in the WHO Water Standards (1998, 2004). The 
other 4 compounds are likely to be included into the Stage 2 of the DBP rules in the 
future (Singer, 2006).  
 
HAA formation potential and species distribution are determined by the nature of the 
source water and the stage in the treatment process where the chlorine is added. In 
addition, other factors, such as temperature, season, pH, chlorine dose, chlorine contact 
time, residence time and the amount of bromine present in the source water, will also 
contribute to HAA formation and influence the species distribution. Due to the complex 
nature of the formation of HAAs and to meet the DBP rules, it is necessary to find out 
the key factors and their relationships which influence the highest yield of HAAs and 
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the most important compounds in the species distribution, thereby helping water utilities 
to monitor and modify the treatment process to minimize HAA formation.   
 
1.2 Research Objectives 
The primary objective of the research is to extend the present knowledge of the 
fundamental mechanisms of HAA formation, in which particular attention is paid to the 
nature of organic precursors. The specific objectives of interest are listed as follows:  
1) To assess the impact of seasonal variation, source difference and the effectiveness of 
treatment process on the nature of precursors and HAA formation.  
      In the previous research, the results of HAA yield and distribution varied 
significantly where waters collected in different locations and time were studied. 
Through this study, it is expected that the difference in the distribution of individual 
NOM components (defined by the chosen fractionation technique) could explain the 
difference observed in HAA formation and there would be a clearer view of which 
NOM components most likely contained HAA precursors. 
 
2) To assess the impact of algae as a significant precursor.  
      Algal metabolic materials have been shown to contribute largely to the 
formation of trihalomethanes (THMs). The study was designed to investigate the 
contribution from both the metabolic substances and algal cells to HAA (THM) 
formation, and the difference among algae species. In addition, it is also expected 
that the reactivity of algal derived materials could be related to the algae growth 
phase through the study; therefore the contribution of algae to HAA formation in 
real water could be estimated depending on its growth phase. 
 
3) To assess the impact of bromide on the THM and HAA formation. 
      The inconclusive results reported with regard to the impact of bromide on THM 
and HAA formation suggest that the competition between bromine and chlorine in 
NOM incorporation is not only influenced by the ratio of bromine to chlorine, but 
by other parameters (e.g. the nature of NOM, the available active sites etc.) as well. 
In this study, the bromide incorporation behaviour will be investigated using NOM 
with different nature. In addition, the concentration of NOM and chlorine dose will 
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be varied in this specific study. Through this, it is expected that a correlation 
between THM or HAA formation and the determinant parameters - NOM 
concentration, chlorine dose and bromide concentration - could be found. 
  
The objectives have been achieved via a series of bench-scale experiments. Objective (1) 
has been studied by isolating the extracted NOM from different sources into 8 
individual fractions, followed by chlorination. The distribution of NOM fractions from 
water collected under different conditions and the reactivity of bulk water as well as 
isolated fractions in terms of HAA yield were compared. Objective (2) was achieved by 
selecting two common algae species and chlorinating both algae cells and their 
metabolic substances – extracellular organic matter (EOM). To examine the potential 
interaction between cells and EOM in terms of THM and HAA formation, chlorination 
tests were also conducted on the whole algae samples prior to separation. The impact of 
algae growth phase on THM and HAA formation was also investigated. The last object 
has been achieved through chlorinating water samples containing different levels of 
DOC and bromide concentration. In addition, 4 different chlorine dosages were applied 
to study the impact of chlorine dose on HAA formation. Empirical models for total 
THM or HAA yield and the distribution of individual species were developed based on 
the experimental data, in order to study the significant effects of these water quality and 
operational parameters and their interactions in DBP formation.  
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1.3 Thesis Plan 
The thesis is organised as follows: 
 
Chapter 1: A prospectus of the work including research objectives and approach. 
 
Chapter 2: Literature review on the research topic. 
 
Chapter 3: General experimental materials and methodology employed in the research.  
 
Chapter 4 - 6: The impact of seasonal variation, source difference and the effectiveness 
of treatment on the nature of precursors, in which the patterns of NOM isolates and their 
contribution to HAA formation and speciation are described. The strength of UV 
spectrometry and chlorine demand as surrogates for HAA formation were investigated. 
 
Chapter 7: The role of algae in the formation of THM and HAA. The contribution of 
both the algae cells and extracellular organic matter was estimated. Comparison in DBP 
yield and speciation was made between the two different algae species and the 
importance of growth phase is discussed.  
 
Chapter 8: The interaction between chlorine dose, initial DOC concentration and initial 
bromide concentration on THM and HAA yield and speciation is investigated. 
Empirical models were built for the estimation of DBP yield and speciation. 
 
Chapter 9: A general discussion on the role of NOM as HAA precursor and the effect of 
bromide on HAA yield and speciation. In addition, the methods used in the study are 
critically reviewed.   
 
Chapter 10: The important findings and conclusions from this study are summarised. 
Recommendations for future research are also provided.  
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LITERATURE REVIEW 
 
2.1 Introduction  
2.1.1 DBP occurrence, health concerns and standards  
Chlorine is widely used as a disinfectant in water treatment all over the world, not only 
for its low cost but its multi-effect of iron and manganese oxidation, taste and odour 
control and prevention of algae growth. However, dosed chlorine reacts with natural 
organic matter to form reaction products, known as disinfection by-products (DBPs), 
which may be of health concern. There are now about 500 known DBPs are recognised 
(Richardson, 1998) since Rook (1974) and Bellar et al. (1974) first reported the 
occurrence of trihalomethanes (THMs). Recently discovered DBP species include 
haloacetic acids (HAAs), haloacetonitriles (HANs), halopropanones (HPs), choral 
hydrate (CH), haloketones (HKs), and chloropicrin (CP).  
 
During the last few decades, efforts have been made to gain a knowledge of the side 
effect of DBPs associated with human health. Various epidemiological studies have 
shown associations between DBPs and cancer, particularly bladder cancer, and more 
recently with adverse birth outcomes such as low birth weight, stillbirth, spontaneous 
abortion and congenital malformations (Cantor et al., 1990, King and Marrett, 1996, 
Doyle et al., 1997, Nieuwenhuijsen et al., 2000). However, the differences in 
methodology, and definition of exposure, have increased the uncertainties and bias 
among the studies.  
 
Among all DBP species, the occurrence of THM and HAA concentrations are relatively 
greater than the others. Therefore the health concerns associated with the two DBP 
species have been given more attention. The US Environmental Protection Agency has 
established maximum contaminant levels for both THMs and the sum of five HAAs 
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(HAA5) (60 µg/l) (U.S. EPA, 1998), but there is no limit in the UK for HAAs. The 
WHO has a provisional guideline value for dichloroacetic acid (DCAA), trichloroacetic 
acid (TCAA), and chloral hydrate (CH), but for many other DBPs the available data is 
considered inadequate to permit the recommendation of health-based guideline values. 
Currently, only the THMs are routinely measured by the UK water companies and there 
is little information available about other DBPs.  The water companies need to take at 
least 4 samples per water zone per year and the current limit for total THM (TTHM) is 
100 µg/L.  A recent report to the UK Drinking Water Inspectorate has recommended as 
a ‘high priority’ (the highest category) that HAAs should be included in the list of 
regulatory chemical parameters to be routinely monitored (Fawell et al., 2002). 
 
2.1.2 Physical and chemical properties of THMs and HAAs 
There are four THM species currently of concern, composed of a carbon atom, a 
hydrogen atom and three halogen atoms with different combinations of chlorine and 
bromine. THMs are relatively volatile compounds, thus the sampling is required to be 
performed under head-space free conditions. As compared to THMs, HAAs are less 
volatile but more polar. Currently, attention is mainly focused on nine HAA species, 
comprising chloroacetic acids, bromoacetic acids and combined chlorinated and 
brominated haloacetic acids, among which 5 species have been regulated in the USA 
regulations. The formula and structure of the four THM species and nine HAA species 
are provided in Table 2.1. THMs and HAAs are formed when chlorine is dosed into 
natural water containing DBP precursors. This usually involves three types of reactions: 
oxidation, addition and substitution. THMs can also form from the hydrolysis of 
particular HAA species due to their unstable chemical properties with changing 
conditions (Pourmoghaddas, 1991, Hellergrossman et al., 1993, Pourmoghaddas et al., 
1993, Cowman and Singer, 1996, Zhang and Minear, 2002). Two other decomposition 
pathways for HAA are known as biotic dehalogenation and abiotic dehalogenation, 
which occur by the reaction of HAA with bacteria in biofilms on the pipe surface and 
the pipe material (e.g. cast iron), respectively (Table 2.2). 
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Bromodichloroacetic acid BDCAA CBrCl2COOH Br
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O
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Table 2.1 Formula and structure of THMs and HAAs 
 Abbreviation Formula Structure 
THMs 
Chloroform TCM CHCl  3
Cl
H Cl
Cl  
Bromodichloromethane BDCM CHCl Br 
Br
2
H Cl
Cl  
ethane DBCM 2 
Cl
Dibromochlorom CHClBr
H Br
Br
orm TBM CHBr  
Br
 
Bromof 3
H Br
Br  
HAAs 
Monochloroacetic acid MCAA CH ClCOOH 
Dibromoacetic acid DBAA CHBr2COOH 
2 Cl
O
 OH
Monobromoacetic acid MBAA CH2BrCOOH 
Dichloroacetic acid DCAA CHCl2COOH Cl
O
OH
Cl  
Bromochlroacetic acid BCAA CHBrClCOOH Br
O
OH
Cl  
Br
O
OH
Br
Br
O
OH  
 
 
 Table 2.2 Decomposition pathways of HAAs 
 Reaction Pathways 
Hydrolysis 
Causation: instability of chemical property 
 
HAA species: TBAA, DBCAA, BDCAA (at ambient temperature) 
(Zhang and Minear, 2002); TCAA  (at 250C) (Hellergrossman et al., 
1993) 
 
Impact factor: temperature 
              X3C-COOH → X3CH + CO2    
 
Biotic dehalogenation 
Causation: reaction with biofilm 
 
HAA species: MCAA, MBAA, DCAA, TCAA and DBAA (Vanderploeg 
et al., 1991, Uchiyama et al., 1992, Heinze and Rehm, 1993, Yu and 
Welander, 1995, De Wever et al., 2000, Zhou and Xie, 2002) 
 
Impact factor: number of halogen atoms (Zhou and Xie, 2002) 
 
 
 C
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 Abiotic dehalogenation 
Causation: reaction with iron 
 
HAA species: TCAA, TBAA, BDCAA and CDBAA (Hozalski et al., 
2001). 
 
Impact factor: number of bromine atoms 
 
(a) (Hozalski et al., 2001) 
O
O-Br3C
C
O
O-Br2HC
C
O
O-BrH2C
C
O
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C
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(b) (Hozalski et al., 2001) 
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2.2 General Classification of NOM  
NOM is present in almost all water sources. Since NOM is a heterogeneous mixture of 
various organic molecules originating from different sources, its content will change 
significantly in different water sources. In addition, the contribution of every carbon 
source is seasonally dependent which influences the hydrological and biochemical 
process of carbon mixing and cycling thus causing the variation in NOM composition 
and chemical structure. NOM is commonly classified in two ways based on its origins 
and contents. According to the nature of origin source, NOM can be classified as either 
allochthonous, in which terrestrial plants and watersheds are the main input; or 
autochthonous, where the metabolic products of water-borne organisms are the main 
input. Based on its content, NOM can be categorised as consisting of humic and non-
humic substances.  
 
Humic substances account for a large portion of aquatic NOM. They can be further 
classified as humic acids, fulvic acids and humin. Humic substances such as long-chain 
cell wall lipids from algae and plant waxes from vascular plants, are high in aliphatic, 
and low in aromatic contents, and are known as fulvic acid, whereas highly aromatic 
materials derived from terrestrial plants are called humic acid (Reckhow et al., 1990). 
Humin is the portion not soluble in water or any acids and alkalis. The main differences 
between fulvic acids and humic acids are summarized in Table 2.3. Humic substances 
contain significant quantities of cyclic aliphatic moieties (possibly pyranoses, furanoses 
and their polymers, as well as cycloalkyl groups) (Krasner et al., 1996). They are also 
thought to have a moderate aromatic character with large numbers of carboxyl groups, 
some phenolic groups, alcohol OH groups, methoxyl groups, ketones, and aldehydes, 
which account for 25% of the total carbon (Reckhow et al., 1990). Reckhow et al. (1990) 
suggested that those humic substances which contain a large amount of aromatic centres 
would be more reactive with chlorine. This is also shown by several other researchers 
(Stevens et al., 1976, Rook, 1977, Hanna et al., 1991, Pomes et al., 1999), who have 
proposed the following specific sites of NOM as chlorine reactive: phenol, 2,4-
pentanedione, meta-dihydroxy benzene, and various acetyl moieties. Different 
functional groups or structures of humic substances can yield different kinds of DBPs.   
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Non-humic substances are polar and usually it is easy to identify their elementary 
composition, such as those with the presence of proteins, amino acids, sugars, and 
polysaccharides, etc. However, there is little knowledge about the origin of non-humic 
compounds. One postulation is that these kinds of substances are the precursor of humic 
substances and some of them are left unaltered during the humification process. Non-
humic substances have less aromatic content as compared to humic substances. They 
are also less hydrophobic than humic substances, thus are more difficult to be removed 
by conventional water treatment process (Hwang et al., 2001). Although the non-humic 
part of NOM is not large, it also contributes to the formation of HAAs (Imai et al., 2002, 
Lee et al., 2003). 
 
 
 
Table 2.3 Differences in composition of humic acids and fulvic acids (Reckhow et al., 1990) 
Humic acids Fulvic acids 
Richer in nitrogen and ash Richer in oxygen 
30-35% aliphatic carbon, most is the 
aromatic carbon (13C NMR data) 
14-19% aromatic carbon, most is the 
aliphatic carbon (13C NMR data) 
1.5-5.4 mequiv/g phenolic OH content 0.8-2.1 mequiv/g phenolic OH content 
2.8-5.0 mequiv/g carboxyl acidity 5.0-6.1 mequiv/g carboxyl acidity 
Non-linear tendency between the number 
of aromatic carbon and chlorine 
consumption 
Linear tendency between the number of 
aromatic carbon and chlorine  
consumption 
Lower phenolic OH/aromatic carbon Higher phenolic OH/aromatic carbon 
Components of aquatic humic substances 
that precipitate when a sample is acidified 
to pH 2.0 
Components of aquatic humic substances 
that remains soluble when a sample is 
acidified to pH 2.0 
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2.3 NOM Characterisation Techniques  
Due to the complexity of NOM, current characterisation techniques can only reflect 
limited properties of NOM components. The characterisation techniques can be 
categorised mainly into: (1) analytical techniques; and (2) adsorption and fractionation 
techniques. Analytical techniques include general parameters such as UV-visible light 
absorbance, TOC, etc. Adsorption and fractionation techniques aim to separate NOM 
into its components, based on their different physical and chemical properties. The 
advantages and disadvantages of the two general techniques are summarised in Table 
2.4, in which several commonly used techniques in DBP studies will be discussed in the 
following sections.  
 
2.3.1 Analytical Techniques 
UV Spectrometry 
The UV absorbance of organic matter, in the range of 254-280 nm, reflects the presence 
of unsaturated double bonds and π - π electron interactions (Korshin et al., 1997c). The 
absorbance in this range of wavelength is shown to be associated with the aromaticity of 
NOM (Chin et al., 1994). UV absorbance can be easily measured, thus a single UV 
absorbance at 254 nm is widely used to indicate the aromatic nature of NOM. Another 
UV related parameter, the specific UV absorbance (SUVA), is useful in comparing 
NOM from different sources and this is defined as the UV absorbance at 254 nm 
normalised by the dissolved organic carbon (DOC) (expressed as L.mg-1.m-1 C).  
Edzwald and Tobiason (1999) showed that SUVA can be a good indicator of the nature 
of NOM and provided guidance in the application of SUVA in practice. For example, 
waters with a SUVA at less than 2 can be regarded as containing organic substances that 
are mostly non-humic and of low hydrophobicity; waters with a SUVA between 2 and 4 
are considered to contain a mix of humic and non-humic substances and a mix of 
hydrophobic and hydrophilic content; waters with a SUVA more than 4 usually have a 
large amount of humic content. A good correlation between SUVA and the aromatic 
content of NOM was also found in other research studies (Croue et al., 1999, Nguyen et 
al., 2002). It should be noted that some inorganic substances such as nitrate and sulphite 
also have significant UV absorbance at 254 nm, which might cause uncertainty in the 
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interpretation of SUVA values in certain waters, especially as groundwater with a low-
DOC content but containing these anions.  
 
Elemental Composition 
Elemental analysis is a commonly used method to characterise NOM at an element level. 
It gives the weight percentage of carbon (C), oxygen (O), hydrogen (H), nitrogen (N) 
and sulphur (S). An example of the elemental composition of hydrophobic, transphilic 
and hydrophilic materials (the definition of the three NOM fractions is given in a later 
section) are summarised in Table 2.5. In some research studies, the results from an 
elemental analysis were presented in the form of elemental ratios (e.g. C/O, C/N and 
C/H). By analysing individual NOM fractions isolated from two water sources, a 
general observation was made by Croue et al. (2000a), whereby the acidic molecules 
mostly consist of carboxylic functional groups that have lower C/O ratios as compared 
to their neutral and base counterparts within any hydrophobic, transphilic and 
hydrophilic fractions. Neutral molecules have lower C/N and C/H values than the acidic 
molecules, consistent with the greater aliphatic character of neutral fractions. In waters 
with an autochthonous origin, base molecules usually have the lowest C/N attributed to 
a greater N content from metabolic products such as those having an amino and amide 
functionality. In addition, by comparing the elemental ratios of different NOM isolates, 
Croue et al. (2000a) also found that C/O, C/N and C/H ratios decreased with increasing 
hydrophilic character for acid and neutral fractions. In other words, higher proportions 
of oxygen, nitrogen and hydrogen are contained within NOM from waters that are more 
hydrophilic in nature.  
 
2.3.2 Fractionation Techniques 
Possible fractionation techniques include ultra-filtration (UF), cation and anion 
exchange resins, size exclusion chromatography (SEC) and XAD fractionation. Ultra-
filtration and size exclusion chromatography are physical fractionation techniques 
separating NOM on the basis of difference in molecular weight. Cation and anion 
exchange resins are used based on the charge difference, while the XAD fractionation 
technique separates the organic matter on the basis of polarity difference. It should be 
noted that the isolated fractions are strictly defined by the fractionation process, 
therefore it is inevitable that components with properties analogous to the operational 
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definition exist in the complex aqueous composition, which may influence the 
efficiency of fractionation. In addition, in some methods extreme conditions are applied, 
which may alter the composition or properties of the organic matter. Therefore choosing 
a proper fractionation technique to suit the research purpose is important.  
 
2.3.2.1 Chemical fraction techniques 
Leenheer (1981) established a comprehensive method for the separation of humic and 
non-humic NOM three decades ago. In this method, humic NOM was operationally 
defined as that adsorbed onto an Amberlite® XAD-8 resin, and the portion not retained 
on the XAD-8 resin was referred to the non-humic NOM. The humic fraction is also 
known as the “hydrophobic” fraction, and the non-humic as the “hydrophilic” fraction. 
XAD resins are non-ionic, macroporous and have relatively high adsorption affinities 
for NOM but very low affinities for inorganic salts. Since the method was published, 
extensive research studies have been carried out on isolating aquatic NOM through 
XAD-resin sorption. 
 
The principle of XAD fractionation method is based on the differences in NOM 
sorption efficiency by passing aqueous samples through the resin under either acid or 
base conditions. XAD-8 resin can isolate the NOM into 6 fractions: hydrophobic acid 
(HPOA), hydrophobic neutral (HPON), hydrophobic base (HPOB), hydrophilic acid 
(HPIA), hydrophilic neutral (HPIN) and hydrophilic base (HPIB). When associated 
with XAD-4 resin, another two fractions: transphilic neutral (TPHN) and transphilic 
acid (TPHA) can be differentiated from the hydrophilic part. One example of the 
application of XAD resin fractionation method was the study on the removal efficiency 
and reactivity of NOM carried out by Leenheer and Croue (2003), Leenheer (2004). 
This fractionation method can also be used as a pre-concentration step before applying 
an advanced method of analysis such as carbon nuclear magnetic resonance 
spectroscopy (13C-NMR). However, several potential disadvantages are associated with 
this method. Firstly, the fractionation method may not represent fully the chemical 
properties of the sample NOM due to the usage of extremely strong acid and base, 
which can alter the chemical characteristics of the NOM (Chow et al., 2005).  Secondly, 
since the organic fractions separated by the resin fractionation method are not sharply 
defined, the existence of overlap between different fractions is inevitable. Furthermore, 
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due to the flow rate limit for resin columns the fractionation method is time consuming, 
suggesting that it is not cost-effective to be used on large volumes of water. 
 
2.3.2.2 Physical fractionation techniques  
In practice the molecular weight of a NOM heterogenous mixture is usually given as 
either an average value of isolated NOM fractions or a molecular weight distribution. 
The size distribution of aqueous NOM can also vary significantly from source to source 
and time to time as in the distribution of 3 generic resin-isolated fractions (Owen et al., 
1993). Ultra-filtration and size exclusion chromatography are two commonly used 
techniques in NOM characterisation based on molecular weight. 
 
UF is a pressure-driven process, where those species with a molecule size smaller than, 
or equal to, that of the UF membrane pore can pass through the membrane, while the 
larger molecules will be rejected by the membrane. The method can be applied either to 
concentrate or fractionate substances in water. By using membranes with different pore 
sizes, ultra-filtration is able to separate molecules into molecular weight ranges of 
approximately 0.5 kDa up to 100 kDa. The term, molecular weight cut-off, is often used 
in the membrane industry, and is defined as the size for which 90% of the particles are 
retained (Amy et al., 1987). The membranes available commercially have cut-off’s in 
the range of 0.5 kDa to 300 kDa range. It should be noted that fractions separated by UF 
contain molecules with a range of molecular weight rather than an exact molecular 
weight. In addition, in practice the actual cut-off may be different from the nominal pore 
size, since the exclusion of molecules by a membrane also depends on their shape and 
surface charge, the membrane material and the operational conditions (Howe and Clark, 
2002).  
 
Size exclusion chromatography (SEC) is a form of gel permeation chromatography 
(GPC) used in measuring molecular weight. The basic principle of SEC is that particles 
of different sizes will elute through a stationary phase at different rates, in which porous 
gel serves as a medium separating molecules based on their hydrodynamic sizes. For 
each size exclusion column, there is a range of molecular weight that can be separated. 
The upper limit aims at large molecules, which is defined as those too large to be 
trapped in the stationary phase. The lower limit is known as the permeation limit, 
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defined as those small enough to penetrate into the pores of the stationary phase. The 
molecules with molecular weight below the lower limit are so small that they all elute as 
a single band (Skoog, 2006). When the sample solution is pumped into the column, 
smaller molecules permeate into the pores to a greater degree than the larger molecules. 
Thus the largest molecules are eluted first and the smallest the last.  
 
SEC is commonly carried out by high performance liquid chromatography (HPLC) with 
UV detector; this method is known as high-pressure size exclusion chromatography 
(HPSEC). When using this method to separate NOM, attention needs to be paid to the 
selection of several operational variables such as the mobile phase and standards for 
calibration. For example, distilled water is the recommended mobile phase in the 
separation of non-ionic compounds. It cannot be used in separating humic substances 
because of the negative charge in aqueous solutions, which will cause the humic 
substances to be repelled by ionic sites on the stationary phase. To minimise the impact 
of ionic repulsion, one way is to increase the ionic strength of the mobile phase by the 
addition of neutral salts or a buffer (Goslan, 2003). SEC is also a method based on the 
difference in molecular weight rather than the actual size, and the accuracy of the 
separation is largely influenced by the operational conditions and the model compounds 
chosen for calibration (Janos, 2003).  
 
Overall both UF and SEC are useful and well-established techniques in NOM 
characterisation. They can be easily operated and the results can be obtained in a short 
time. In the process, no extreme conditions are needed thus preventing the alteration of 
NOM compounds. The UF method can efficiently fractionate the molecular size 
between 500 Da to 100 kDa, indicating that it is suitable for low-resolution separations, 
while the SEC method is used for high-resolution separations with a fractionation size 
between 500 Da to 1000 kDa (Chow et al., 2005). In many source waters, such as rivers, 
reservoirs and groundwater, the apparent molecular weights of NOM have been 
reported to be around 10 kDa or less by several researchers (Chin et al., 1994, Her et al., 
2003); thus, the UF fractionation method is preferred. 
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Table 2.4 The advantages and disadvantages of NOM characterisation techniques  
Name Advantages Disadvantages 
Analytical techniques 
UV spectrometer 
low cost, easy to operate; 
good indicator for aromacity 
not all DBP precursors are UV 
absorbing;  
aromatic carbon is not equally 
reactive in DBP formation; 
interference from inorganic ions 
Elemental 
composition 
low cost, easy to determine; 
provides the information on a 
elemental level 
reliable only on dry NOM ash-
free isolates;  
not sensitive enough to 
distinguish among NOM isolates 
from different water sources 
13C-NMR 
powerful in quantifying the 
abundance of dissimilar types 
of organic carbon 
highly sophisticated; expensive; 
interference from inorganic ions; 
limitations in precision when 
estimating the contribution of 
aromatic and carbonyl or carboxyl 
carbon to NOM  
FTIR  
provides information of 
organic functional group, 
particularly sensitive in 
distinguishing acids, amides 
and esters 
qualitative method, rather than a 
quantitative one 
Fluorescence 
extremely sensitive when 
NOM concentration is low; 
useful tool in investigating the 
predominance of aromatic or 
biopolymetric species in 
NOM 
strongly affected by molecular 
weight and conformation of the 
aromatic units in NOM molecules, 
however, the technique doesn’t 
yet allow the quantification of the 
molecular weight or conformation 
of NOM and the intensity and 
shape of emission spectra 
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Pyrolysis GC-MS 
only requires small amount of 
sample for analysis;  
no interference from salts;  
a more advanced analytical 
technique in NOM study 
expensive; 
interference from metals;  
data interpretation is rather 
subjective 
Adsorption and fractionation techniques 
XAD resin 
provides composition 
information on NOM based 
on polarity and acidity;  
no pre-concentration need; 
no accumulation of salts 
time consuming;  
extreme conditions may alter 
NOM properties;  
the efficiency of fractionation can 
be affected by sample preparation 
and water quality;  
organic fractions are not sharply 
defined 
Polarity rapid 
assessment method 
operated in ambient 
conditions, avoiding changes 
in configuration resulting 
from the changes in ionic 
strength and pH; 
can be done in a short time; 
 
it is rather a characterisation 
technique than a fractionation 
technique, therefore it has limited 
use in studying the contribution of  
individual NOM components to 
DBP formation when used alone. 
UF 
easy to operate;  
no extreme conditions needed 
separation based on a range of 
molecular weight rather than an 
exact molecular weight;   
the separation efficiency is 
affected by the shape and surface 
charge of molecules, as well as 
the membrane material and the 
operational conditions  
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SEC 
easy to operate;  
can be used in both high- and 
low-resolution separation;  
no extreme conditions needed 
separation based on a range of 
molecular weight rather than an 
exact molecular weight;  
the accuracy of the separation is 
largely influenced by the 
operational conditions and the 
model compounds chosen for 
calibration  
Flow field-flow 
fractionation 
versatile analytical separation 
method for macromolecules 
the separation efficiency is 
affected by charge difference,  the 
substances used in calibration  
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Table 2.5 Elemental analysis of NOM isolates from two rivers (Croue et al., 2000a)   
* n.a. not available 
 
 
Suwannee River (Fraction of mass %)  South Platte River (Fraction of mass %) 
Fraction 
C          H N O S  C H N O S
Hydrophobic acid 48.00 4.13 0.69 41.30 < 0.30  47.20     4.96 1.07 36.80 1.44
Hydrophobic neutral  55.80 6.11 1.19 32.6 1.69  58.80     
     
     
     
     
    
7.33 2.13 24.10 1.41
Transphilic acid 40.20 3.90 0.87 41.70 3.00  34.60 4.04 1.95 36.90 3.06
Transphilic neutral 47.00 4.90 1.58 43.50 0.87  48.00 6.68 11.91 27.70 1.57
Hydrophilic acid 43.00 3.99 1.28 46.60 0.39  41.00 4.04 2.74 43.80 1.85
Hydrophilic neutral 39.20 5.49 3.74 35.30 0.38  39.30 5.57 4.40 36.10 0.73
Hydrophilic base 19.50 2.32 2.51 17.60 0.50  n.a.* n.a. n.a. n.a. n.a.
 C
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2.4 Chlorination of NOM 
2.4.1 Aqueous chemistry of chlorine and bromine 
2.4.1.1 Chemistry of chlorine 
In water treatment, chlorine is the most common, primary disinfectant applied to water 
prior to its distribution into the supply system. Sometimes chlorine will also be added 
before the primary treatment process, called pre-chlorination, whose aim is to oxidise 
and remove inorganic ions such as iron and manganese in the water. One of the 
common forms of chlorine is hypochlorite, such as sodium hypochlorite or calcium 
hypochlorite. The latter in its solid phase is also called bleaching powder. The 
application of hypochlorite in potable water achieves the same chlorine species as that 
of chlorine gas (Eq. 2.1 and 2.2): 
 
                                           …………………Eq. 2.1 −++→+ )(2 OHNaHOClOHNaOCl
                                      22 2)( →+ OHOCla 2)(2 −+++ OHCaHOClC ………… Eq. 2.2 
In the normal range of pH the principal chlorine species are hypochlorite ion (OCl-), and 
hypochlorous acid (HOCl). The latter species of chlorine is the most germicidal of all 
chlorine compounds with the possible exception of chorine dioxide. Hypochlorous acid 
is a “weak” acid which means that it tends to undergo partial dissociation as follows: 
 
                                                    …………………………Eq. 2.3 −+ +⇔ OClHHOCl
However, when using either chlorine gas or sodium hypochlorite, the quantity of 
hypochlorous acid formed from the hydrolysis reactions will largely influence the effect 
of treatment; this is because HOCl and OCl- ion have very different germicidal and 
oxidation efficiencies.        
 
In the water, there is a dynamic equilibrium between Cl2, HOCl and OCl-, which mainly 
depends on the pH and temperature. The equilibrium among these three chlorine species 
can be expressed as in Eq. 2.4. 
 
                            − + H + ,   Cl2 + H2O ⇔k−1
k1
HOCl + Cl 112 −= kkKCl ………………..Eq. 2.4 
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where k1 and k-1 values are the reaction rate coefficients. KCl2 has been calculated to 
range from 1.3 10-4 to 5.1×10-4 (mol/L)2 by Wang and Margerum (1994) at 25 0C.  At 
this temperature, the pKa of the chlorine hydrolysis equals 3×10-5, which means at pH 
equal to 4.5, the amount of Cl2 is the same as that of HOCl. For the hydrolysis of HOCl 
(Eq. 2.3) the pKa equals 3×10-8 giving a pH of 7.58 when the reaction reaches its 
equilibrium (White, 1986). In fact, at a freshwater average Cl- concentration and pH > 5, 
the hydrolysis of Cl2 is nearly complete. HOCl is the predominant species at pH < 7.5, 
and OCl-, which is a much less effective disinfectant but good oxidant, is the 
predominate chlorine species at higher pH values (Brezonik, 1994).  
×
 
Apart from these common chlorine species, other chlorine intermediates such as 
trichloride (Cl3-) and chlorine hemioxide (Cl2O) are also formed under different 
conditions of chlorine concentration, pH and temperature in aqueous solutions (Table 
2.7). However, under typical water treatment conditions, the concentrations of these 
intermediates are very low (Reinhard and Stumm, 1980) 
 
2.4.1.2 Types of chlorination reactions 
Free chlorine can undergo several reactions with both inorganic and organic substances 
in water. Common reactions that may occur are summarised in Table 2.6. Oxidation-
reduction reactions occur when chlorine reacts with inorganic substances, resulting in 
the chemical reduction of chlorine to a relatively inert chloride form (Cl-). When 
chlorine reacts with organic substances, reactions including oxidation, substitution and 
addition are involved.  
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Table 2.6 Chlorine equilibrium in aqueous solution at 25 0C 
Chlorine Equilibrium Equilibrium Constant (25 0C) 
+− +⇔ HClOHOCl       
(White, 1986) 
KHOCl  = 3 × 10-8  mol/L 
+− ++⇔+ HClHOClOHCl 22   
(Wang and Margerum, 1994) 
K  = 5.1 × 10-4 (mol/L)2  Cl2
++ +⇔ HHOClOClH 2    
(Arotsky and Symons, 1962) 
KH2OCl+ = 10
-3 - 10-4 mol/L 
OHOClHOCl 222 +⇔  
(Reinhard and Stumm, 1980) 
KCl2O = 8.7 × 10
-3 mol/L 
Cl2 + Cl− ⇔Cl3−   
(Zimmermann and Strong, 1957) 
KCl3− = 0.191 mol/L 
 
 
Table 2.7 Chlorine reactions with aqueous substances 
Reaction Type Examples 
Ammonia Oxidation OHClNHHOClNH 223 +→+  
OHNHClHOClClNH 222 +→+  
OHNClHOClNHCl 232 +→+  
Cation Oxidation −++ ++→++ ClHOHMnOOHHOClMn 3)(2 222  
−++ ++→++ ClHOHFeOHHOClFe 5)(252 322  
Anion and Halide Oxidation 
 
Organic Oxidation  
Substitution/Addition RCOOHHOClRCOCH 233 23 +++→+ +
−+−− ++→++ ClHNOOHHOClNO 322 2  
−+−− ++→+ ClHSOHOClHSO 243  
−+− +++→+ ClOHHSHOClHS 22  
−− +→+ ClHOBrHOClBr
−+ ++→+ ClHRCOOHHOClRCHO  
−+ +++→+ ClHCORHOClRCOOH 2  
OHHHCCl
')()(' RClCOHRCHOClCRRC →+=  
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2.4.1.3 Chemistry of bromine 
In the reaction between the halides, the redox potential determines that hypochlorous 
acid and hypochlorite are able to oxidise both bromide and iodide ions. Free chlorine 
can rapidly oxidise bromide to its oxidation state (Eq. 2.5): 
 
                                      OCl  H +  Br− → HOBr + Cl−……………………………Eq. 2.5 
The rate of bromide oxidation is pH dependent, since hypochlorite (OCl-) which forms 
at higher pH conditions (pH > 7) has a lower rate constant than HOCl. Similar to 
chlorine, there are also equilibrium reactions between the three, free bromine species 
(Br2, HOBr and OBr-), as shown in Eq. 2.6 and Eq. 2.7. 
 
                                     Br2 + H2O ⇔ HOBr + H + + Br− …………………………Eq. 2.6 
                                             OBrH ⇔ H + + OBr−  ………………………………Eq. 2.7 
The pKa value for the above hydrolysis reaction (Eq. 2.7) is approximately 8.5 at 25 0C 
(Morris, 1986). In contrast to chlorine, a relatively high concentration of molecular 
bromine (Br2) can exist near neutral pH. In addition, the ionisation of hypobromous acid 
is only ten-fold less than hypochlorous acid at a given pH value, which means free 
bromine can be more effective in disinfection process. Since free bromine has similar 
properties as free chlorine, it will react with NOM and inorganic ions in an analogous 
pathway to chlorine in disinfection. 
 
2.4.2 Mechanisms in DBP formation 
2.4.2.1 Halogen reactions 
DBPs are the products formed from the reaction between disinfectants and substances 
present in water during disinfection processes. For chlorine-generated DBPs, chlorine 
serves as the disinfectant and NOM serves as the DBP precursor. The reaction between 
free chlorine and organic matter can be described in three types: (1) oxidation reaction; 
(2) addition reaction; and (3) electrophilic substitution reaction. The reactivity of 
chlorine reaction with NOM is restricted to limited sites, which is influenced by the 
NOM structure and the functional groups. 
 
 44
Chapter 2                                                                                                             Literature Review      
In general, the reactivity of chlorine with aliphatic organic compounds is relatively low, 
while macro-molecules such as 1,3-dihydroxy aromatic species, phenol-type species or 
those with β-diketone structures within NOM can be rapidly oxidised by chlorine and 
readily undergo electrophilic substitution reactions (Dickenson, 2005). This is the 
reason why a large amount of THM and HAA precursors can be found in humic 
substances. It has been agreed that THM can be formed through the halogen reaction 
(the halogenation of methyl ketones, such as acetone, methylethyl ketone and 
methylpropyl ketone etc.) (Bell et al., 1949). An example of a typical halogen reaction 
that occurs between the hydrolysed halogen species (HOCl or HOBr) and aqueous 
NOM is shown in Figure 2.1. The halogen reaction starts with a base-catalysed 
enolisation of the methyl ketone to form enolate ion.  After that, several steps of 
halogenation of the enolate ion occurs and terminates with the formation of THM by 
base-catalysed hydrolysis. The rate control step in the haloform reaction is the first 
base-catalysed step. Since the C=O bond of a carbonyl group is a strong bond, the 
formation of THM through haloform reaction is very slow and can hardly occur in 
water treatment. 
 
In contrast, rapid and high yields of THMs and HAAs are found from organic 
compounds with aliphatic β-diketone structures or cyclic aromatic structures (Rook, 
1977, Larson and Rockwell, 1979, Oliver and Lawrence, 1979, Norwood et al., 1980, 
Reckhow and Singer, 1985, Gallard and von Gunten, 2002). Reckhow and Singer (1985) 
developed a simple conceptual model for the formation of chloroform, dichloroacetic 
acid and trichloroacetic from the aliphatic β-diketone moiety in fulvic acids (Figure 2.2). 
In the model, varied degrees of substitution occurred at the activated carbon depending 
on the R group next to the ketone. If the R group is a hydroxyl group, the reaction stops 
and DCAA is the final product. If it is not, a trichloromethyl species will form as the 
result of further halogenation. Under highly alkaline conditions (pH 12), 
trichloromethyl species can be easily base-catalysed to chloroform; while at neutral pH, 
TCAA will be formed if the R group is an oxidisable functional group (OFG*), or 
otherwise chloroform will be the final product. Another example of THM and HAA 
formation from compounds with a cyclic aromatic structure can be seen in Figure 2.3. 
For these types of organic compounds, the reaction begins with an electrophilic attack at 
the α-carbon by chlorine (step I), followed by hydrolysis and oxidative ring cleavage 
(step II). Further oxidative cleavage at line b results in the formation of DCAA and 
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TCAA if halogenation continues (step III), while THM can be formed by hydrolysis at 
line a. 
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Figure 2.1 The pathways of the haloform reaction (Baum and Morris, 1978) 
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Fulvic Acid
R' C CH2
O
C R
O
R' C CCl2
O
C R
O
Cl2HC C R
O
Cl3C C R
O
CHCl2COOH
CCl3COOH CHCl3
Cl3C C CH3
O
R = -CH3
Cl3C C CHCl2
O
R = -OH
pH 7
pH 12
R ≠ OFG*R = OFG*
 
chloroform, DCAA and TCAA from Figure 2.2 Conceptual model for the formation of 
β-diketone moieties (Reckhow and Singer, 1985) (*OFG: oxidisable functional group) 
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2.4.2.2 Natural organic matter as DBP precursor 
Recognition that humic and fulvic acids are important THM and HAA precursors was 
made a long time ago (Rook, 1974, Rook, 1977, Christman et al., 1983, Miller and 
Uden, 1983, Reckhow and Singer, 1984). Since then, numerous studies were carried out 
concerned with THM and HAA formation from humic substances (Norwood, 1983, 
Reckhow et al., 1990, Cowman and Singer, 1996). In the study carried out by Reckhow 
and Singer (1984), the maximum formation of TCAA plus chloroform was observed to 
e close to the pKa value of HOCl, which led to the postulation that TCAA and 
roducing HAA than the 
orresponding hydrophilic fraction. However, the opposite results have been observed 
ction of NOM, Liang and Singer (2003) and Hwang et al. (2001) have 
uggested that both the hydrophobic/hydrophilic ratio and the reactivity of the two 
b
chloroform were formed through the same pathway.  
 
Recent approaches in DBP studies have been focused on the characteristics of NOM 
extracted from the bulk water and the reactivity of the NOM in terms of THM and HAA 
formation. The resin fractionation technique is one of the most common approaches in 
HAA studies. By fractionating the NOM derived from a surface water into 6 
hydrophilic/hydrophobic fractions, Marhaba and Van (2000) and Chang et al. (2001) 
showed that the hydrophobic fraction was more reactive in p
c
by other researchers (Kim et al., 2002, Lee et al., 2003). In a study of different treatment 
processes, Lee et al. (2003) found that in conventional water treatment processes 
involving alum coagulation, sedimentation and sand filtration, which are supposed to be 
efficient in removing hydrophobic substances, no significant reduction of HAAs were 
observed compared to the results without treatment. On the other hand, advanced 
treatment processes such as ultra-filtration and nano-filtration, favouring the removal of 
hydrophilic substances, gave a higher efficiency of HAA reduction. Therefore, this 
provides indirect evidence that hydrophobic NOM (mostly humic substances) has a 
relatively low HAA reactivity.  
 
In contrast to the above studies, in which the HAA precursors were predominantly from 
a certain fra
s
components determine the main precursor being responsible for the HAA formation. 
This indicates that high yields of HAA can be found not only in water sources rich in 
humic substances with aromatic, phenolic, hydroxyl group and conjugated double bonds 
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compounds, but also in sources with a low humic content or where hydrophilic fractions 
are  the principal NOM component (Liang and Singer, 2003).  
 
Different NOM fractions will also cause differences in HAA species distributions 
ikolaou et al., 2004). It has already been recognised that the precursors for DCAA 
and TCAA have different origins (Reckhow and Singer, 1985, Reckhow et al., 1990, 
d from the transphilic fraction of NOM, which was defined 
d greater yields of brominated species than the hydrophobic fraction, and 
emonstrated that the hydrophilic moieties of dissolved organic matter (DOM) were 
enerally speaking, low pH favours the formation of HAAs, while high pH gives a 
(N
Liang and Singer, 2003, Nikolaou et al., 2004). The main precursor of DCAA was 
found to be derive
operationally by Croue et al. (2000a) as that portion of NOM with intermediate polarity, 
being further isolated from the hydrophilic fraction. Further investigation of HAA 
species suggested that the transphilic fractions were also responsible for the high yield 
of other di-HAA species (Hwang et al., 2001, Liang and Singer, 2003). In addition, the 
conceptual model developed by Reckhow and Singer (1985) showed that there may 
exist more precursor structures and pathways for di-HAA formation than for tri-HAA 
formation.  
 
The NOM hydrophobic to hydrophilic fraction ratio also determines the degree of 
bromine incorporated into HAAs. Kitis et al. (2002) found hydrophilic fractions 
produce
d
more susceptible to bromine incorporation. These observations were also supported by 
Hellergrossman et al. (1993), whose investigations found a preference for chloro-
substitution versus bromo-substitution in activated aromatic compounds, while aliphatic 
compounds favoured the bromo-substitution. 
 
2.4.3 Effect of operational parameters on DBP formation  
2.4.3.1 Effect of pH 
G
higher yield of other kinds of Disinfection by-products such as THMs (Chellam and 
Krasner, 2001). THMs are formed through base-catalysed haloform pathways (Figure 
2.1), where R-CCl3 formation can be accelerated by increasing pH to stabilise carbanion 
intermediates (enolate ion). In addition, R-CCl3 more readily undergoes hydrolysis 
under alkaline conditions (Baum and Morris, 1978). Moreover, THMs released from the 
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hydrolysis of trichloroacetonitrile, trihaloacetalaldehydes and trihalomethyl ketones 
over time under alkaline conditions (Trehy and Bieber, 1980, Reckhow and Singer, 
1985, Croue and Reckhow, 1989) confirm that the CCl3 group tends to hydrolyse in the 
presence of hydroxide ions owing to its electron-withdrawing nature (Betterton et al., 
1988).  
 
In addition to the change in total HAA yield, a change in pH will also give rise to a 
change in the distribution of individual HAA species, with a decrease in tri-HAA 
formation and small changes in di-HAA formation. However, the influence of pH 
change on the species distribution was shown only with regard to HAA subclasses 
(mono-HAA, di-HAA and tri-HAA) from the previous research studies, which means 
ll the species in a certain subclass were assumed to have a consistent behaviour with 
an et al., 1993). At pH levels of 5, 7, and 9.4, Stevens 
nd co-workers (Stevens et al., 1989) evaluated chlorination reactions and found that pH 
HAA formation, whereas tri-HAA formation was lowest 
variation of pH may lie in the relative proportions of the main oxidant species 
a
the change of pH. This may be related to the pH sensitivities of some precursors, where 
chlorination reactions of those precursors only occur in certain pH ranges.   
 
At extremely low pH (1-2), species in the subclass of di-HAA were found to have the 
highest yield, while the subclass of tri-HAA was reported as having a formation peak in 
the pH range of 3-6 (Hellergrossm
a
had no significant effect on di-
at a pH of 9.4. The findings were also confirmed by Liang and Singer (2003) and 
Chellam and Krasner (2001). The explanation for the observed decrease in tri-HAA 
may be related to the decomposition nature of tri-HAA at higher pH (Reckhow and 
Singer, 1985, Krasner et al., 1989, Pourmoghaddas, 1991, Hellergrossman et al., 1993, 
Pourmoghaddas et al., 1993, Pourmoghaddas and Stevens, 1995, Cowman and Singer, 
1996), and also changes in their hydrolysis rate. In general, species containing bromine 
appeared to be more greatly affected by pH than their chlorinated counterparts, 
reflecting the lower stability of the species containing bromine in environments of 
elevated pH. Nevertheless, Zhang and Minear (2002) claimed that there was no 
observed pH effect on the decomposition of BDCAA,  DBCAA and TBAA for a pH 
range of 6-9.  
 
Another explanation for the difference in HAA yield and speciation owing to the 
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(HOCl/OCl- or HOBr/OBr-), as well as the change in chlorination mechanisms since the 
degree of protonation of the reaction species changes with pH (Reckhow et al., 1990). 
Moreover, the change in pH may also influence the activity of the precursors when 
reacting with chlorine. 
 
2.4.3.2 Effect of chlorine dose 
Results reported by several researchers have suggested that the rate and extent of DBP 
formation, and distribution of individual DBP species, are influenced by the chorine 
dose and residual. When chlorine is dosed into water, fast reactions occur first between 
 followed by reactions with organic matter. Under 
% of ultimate THM and HAA can be formed within 
ter dosing with chlorine (Reckhow et al., 1990, Dojlido et 
al., 1999, Westerhoff et al., 2000, Liang and Singer, 2003, Villanueva et al., 2003, 
chlorine and inorganic ions,
conditions of low chlorine dose, substitution reactions play the main role between 
chlorine and NOM when certain DBPs are formed, whereas oxidation and cleavage 
reactions are predominant with high chlorine concentrations (Johnson and Jensen, 1986). 
In addition, changes in chlorine not only affect the concentration of DBP but the 
distribution of individual species as well. In general, an increase in the ratio of chlorine 
dose to DOC concentration leads to an increase in chloroform, DCAA and TCAA 
formation (Reckhow and Singer, 1984, Rathbun, 1996, Westerhoff et al., 2002). 
However, a higher chlorine dose and residual favours the formation of HAA over THM, 
and tri-HAA over di-HAA (Christman et al., 1983, Miller and Uden, 1983, Norwood et 
al., 1984, Reckhow and Singer, 1990). The observation of the latter effect suggested 
that the formation of di- and tri-halogenated HAA species may proceed through 
common di-halogenated intermediates, which can either be oxidized or hydrolyzed to 
the di-halogenated HAA species or further halogenated to form the tri-halogenated 
HAA species; this is similar to the mechanisms of HAA formation that have been 
proposed by Reckhow and Singer (1985). In situations where bromide is present in 
water, the effect of chlorine dose on total THM and HAA yield and speciation is more 
complicated, and varies with different precursors. This aspect will be discussed later.  
 
2.4.3.3 Effect of reaction time 
Generally speaking, increasing the reaction time will increase the THM and HAA 
formation. Frequently, more than 50
the first a couple of hours af
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Nikolaou, 2004, Gang, 2005). However, time may also have a negative effect on some 
centration, arising from 
creased flushing of humic substances into surface. In addition, THM and HAA 
particular species of HAA (Hellergrossman et al., 1993, Wu and Chadik, 1998, 
Nikolaou, 2004). The species observed to decrease in the later stage of reaction time 
were those having bromine incorporated (mainly the tri-HAAs). Wu and Chadik (1998) 
has demonstrated that the concentration of BCAA initially increased over the first 48 
hrs and then showed a decrease through to 168 hrs, and this was also confirmed by 
Nikolaou (2004). However, these observations are atypical of other findings regarding 
HAA formation, since no hydrolysis effect was found with respect to BCAA. One 
possible reason for this could be the existence of some reducing substances in the water. 
Furthermore, species such as TBAA, DBCAA and BDCAA which undergo hydrolysis 
at a decomposition rate of 0.040 d-1, 0.0062 d-1 and 0.00113 d-1 respectively (Zhang and 
Minear, 2002), would have a minimal decrease in concentration over 7 days. It should 
be noted that studies of the stability of HAAs usually involve adding target species of 
HAA into solution and examining the residual HAAs after a certain time. These studies 
are questionable since they cannot represent the behaviour of the target HAAs in real 
water, and didn’t take other factors into account, such as the residual chlorine and 
bromide present in water.  
 
2.4.3.4 Seasonal variation and temperature 
There are two ways in which seasonal variation can affect the formation of THMs and 
HAAs. First is the change in the nature of the precursors. For example, in some seasons 
an increasing rainfall leads to an increase in stream DOC con
in
precursors will also change during algal bloom periods. Thus, with the change in the 
precursors, the yield and species distribution of THM and HAA will also change. The 
second effect of seasonal variation is the change in temperature, as it is well known that 
temperature has a significant effect on chemical reactions, and especially the reaction 
kinetics. A general observation from previous research shows that with the elevated 
temperatures, the amount of THM and HAA formed through the disinfection process 
increases accordingly, which may be due to faster formation reactions (Krasner et al., 
1989, Singer, 1994, Williams et al., 1997). By kinetically studying the reaction 
pathways of THM and HAA from three raw waters and treated surface waters, 
Westerhoff et al. (2002) found that the formation of THM was more sensitive to 
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temperature as compared to HAA. Oliver (1980) conducted an experiment on the 
chlorination of fulvic acid at three different temperatures (2, 10 and 20 0C) for 24 hrs, 
after which samples were quenched and then heated to 30 0C for an additional 24 hrs. 
For heated samples previously chlorinated at pH 7, an increase in the concentration of 
THM was observed; whereas no additional THM were produced in the subsequent 
heated samples chlorinated at pH 11. This indicates that THM intermediates produced at 
neutral pH are readily hydrolysed with increasing temperature. 
 
But it should be noted that the highest yields of THM and HAA are not necessarily 
occurring under the conditions of highest TOC input combined with the highest 
mperature, since the nature of the precursors are still the predominant factor 
ld and species of THMs or HAAs. For instance, the highest 
 produce 
te
determining the yie
occurrence of HAA was observed at the highest occurrence of precursors (TOC as 
indicator parameter) but at moderate water temperature conditions, as reported by 
Serodes et al. (2003). In addition, Williams et al. (1997) found that the effect of 
temperature on HAA formation behaviour was also dependent on the treatment process, 
indicating that the precursor is a more prominent factor in HAA formation. In his study, 
DCAA levels were shown to be higher in summer compared to winter for chlorine-
chlorine and ozone-chlorine treatment, but there was no pronounced difference for 
chlorine-chloramine treatment practice. As for TCAA, the concentration formation gave 
similar values both in winter and summer in chlorine-chlorine or chlorine-chloramine 
treatments. However, it was higher in summer compared to winter in the ozone-chlorine 
treatment process. When the increasing temperature accelerates the formation of HAA, 
it also helps to increase the decomposition rate for some specific HAA species. Zhang 
and Minear (2002) demonstrated that three brominated trihaloacetic acids would 
decompose to form THMs in high temperature conditions. Moreover, the reaction rates 
for the HAA decomposition increase with temperature and with the number of bromine 
substituents. 
 
2.4.3.5 Bromide ion 
The presence of bromide ion in water leads, via chlorination, to the formation of 
hypobromous acid or hypobromite ion in an analogous manner to that of hypochlorous 
acid and hypochlorite ion, which in turn reacts with natural organic mater to
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brominated organic compounds. Inconsistent results have been reported with regard to 
ividual species of HAAs, a greater proportion 
f brominated HAA formation was observed with an increase in bromide concentration 
the effect of bromide concentration on the formation of total THM and HAA. A higher 
molar yield of HAA (HAA5) was observed with increasing initial bromide concentration 
(Trussel and Umphres, 1978, Oliver, 1980), while the total molar yield of THM did not 
vary with the addition of bromide (Cooper et al., 1983). Similarly, an increase of HAA9 
molar concentration was observed (Wu and Chadik, 1998) when bromide ion was 
incorporated into halogenated compounds, and the higher the original bromide 
concentration, the greater the total HAA (Wu and Chadik, 1998, Singer, 1999). 
However, a different trend was observed by Pourmoghaddas (1991), in whose study the 
HAA9 molar concentration varied with increasing Br- concentration at three different 
reaction times of 6, 48 and 168 hrs. At a specific reaction time of 24 hrs, Cowman and 
Singer (1996) reported a fairly constant HAA9 concentration with increasing Br- 
concentration, although with a moderate variation. The inconsistency in the results 
found suggests that the original concentration of bromide present in water is not the 
only factor determining the total yield of THM and HAA.  Other factors mentioned in 
the previous sections also influence the formation of the two DBP species, of which the 
average free available chlorine (AFAC) – defined as (Free chlorine dose + Residual free 
chlorine)/2 - and the nature of NOM are considered to be the most important.  
 
The introduction of bromide will also cause a shift from chlorinated DBP species to 
brominated species. With regard to the ind
o
(Pourmoghaddas et al., 1993, Cowman and Singer, 1996, Chellam and Krasner, 2001). 
It is accepted that bromine incorporation is enhanced with increasing bromide 
concentration. However, uncertainty with regard to the predominant species under 
different bromide concentrations still exists. Several researchers (Pourmoghaddas et al., 
1993, Cowman and Singer, 1996, Chellam and Krasner, 2001) have suggested that the 
degree of bromine incorporation increases with the increase of original bromide 
concentration in chlorination samples; whereas in other studies (Peters et al., 1991, Wu 
and Chadik, 1998), DBAA rather than TBAA was found to be the predominant species 
in terms of brominated HAAs in waters with very high bromide concentration. Similar 
results were also found in THM studies (Trussel and Umphres, 1978, Oliver, 1980). 
This once again confirms that the nature of NOM precursors plays a crucial role in both 
DBP yield and speciation. When classifying the halogenated acetic acids into subclasses 
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of HAAs, for example, monohalogenated species, dihalogenated species and 
trihalogenated species with different bromide concentrations, each subclass revealed a 
consistent distribution pattern at different bromide concentrations (Cowman and Singer, 
1996, Chellam and Krasner, 2001), which indicates that the bromine incorporation takes 
place in a similar way to that of chlorine.  
 
With regard to the HAA formation kinetics, different results have been reported in the 
literature (Hellergrossman et al., 1993, Cowman and Singer, 1996, Wu and Chadik, 
ounts 
ere only found after 24 hrs since the start of reaction according 
ay be explained by the theory of 
r recycling, as proposed by Sweetman and Simmons (1980), where Br- is likely to 
d” through oxidation reactions. During chlorination, HOBr can participate in 
1998), which emphasises again the complexity of this research topic. Notable am
of brominated species w
to Wu and Chadik (1998), suggesting a lower reactivity of bromine as compared to 
chlorine; while in the results given by Cowman and Singer (1996) and Hellergrossman 
et al. (1993), brominated HAA species showed a higher formation rate than that of 
chlorinated species. Moreover, a linear relationship was observed between the 
increasing of bromide ion concentration and the chlorine consumption, with more than 1 
µmol of HOCl consumed per 1 µmol of bromide (Cowman and Singer, 1996). From 
simple stoichiometry, 1 mole of bromide ion is theoretically consumed by 1 mole of 
hypochlorous acid when oxidised to form hydrobromous acid. This phenomenon of a 
non-stoichiometric consumtion of hypochlorous acid m
B
“recycle
oxidation reactions that do not involve incorporation of Br into organics, with Br- being 
a product of such reactions. Br- can then be reoxidized to HOBr by HOCl, and thus 1 
mol of Br- can potentially consume more than 1 mol of HOCl.  
 
2.4.4 Commonly used surrogates for HAA prediction 
Chlorine consumption  
Using both the raw water and alum-treated water to test for a correlation with HAA 
formation potential, showed that chlorine consumption could work well in predicting 
HAA formation (Gang et al., 2002). However, this may not always be the case since the 
presence of other inorganic substances with a high chlorine demand in water can lead to 
a deviation in the predicted result. In addition, other organic compounds such as 
nitrogen containing substances may exert a high chlorine demand but are not necessarily 
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THM or HAA precursors. Also, chlorine consumption may not be a good surrogate for 
roduction in waters with high concentration of inorganic ions but low DBP p
concentrations of NOM (Chellam and Krasner, 2001). 
  
SUVA 
Defined as the ultraviolet absorbance at 254 nm (UV254) divided by the dissolved 
organic carbon (DOC) with the units of L· mg -1 · m-1 C, has been demonstrated to be a 
good predictor of the aromatic content of NOM and some species of HAA formation 
potential of the water (Chin et al., 1994). Since SUVA is a distributed parameter that 
varies among DOM components, it can reflect the degree of DOM heterogeneity, and 
represent an important property of natural waters that can be used to predict DBP 
formation. For some waters with a high aromatic content, as in Kitis’ study (Kitis et al., 
002), strong and unique correlations were observed between SUVA and HAA9 yield. 
However, a good correlation between SUVA and HAA formation was not always 
observed. In the study carried out by Hwang et al. (2001), SUVA was poorly correlated 
to the HAA yield, and the correlation was even worse for the transphilic fraction and 
hydrophilic fraction. For the hydrophobic fraction, the correlation of HAA formation 
and SUVA value differed from source to source.  
 
THM
2
  
Empirical correlations between total THM and HAA have been found to be uncertain, 
with some results showing a high correlation while others had a low correlation, which 
suggested that THM cannot be used as a surrogate of HAAs for the waters under study 
(Serodes et al., 2003, Malliarou et al., 2005). However, some individual species, such as 
CDBAA, DCAA, TBAA, BDCAA, were observed to be highly correlated with certain 
individual species of THM. In this case brominated THMs were those with the highest 
predictive capacity (correlation coefficients ranging from 0.6 to >0.9), being able to 
explain the concentrations of eight examined HAA species (except TCAA) (Villanueva 
et al., 2003). Whether the correlation between individual THM and HAA species is also 
valid elsewhere remains unclear. 
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2.4.5 Models for predicting DBP formation 
In the past few decades, efforts were made in developing empirical models to predict 
DBP formation in drinking waters. These models were developed through both field and 
laboratory bench scale investigations using various kinds of waters (raw, treated, 
synthesis waters), in which several key factors, such as water quality and operational 
parameters, were included (Chowdhury et al., 2009). Most of the currently available 
models are focused on the DBP yield, among which nearly half are on THM formation, 
followed by HAA. A power function model (Eq. 2.8) is widely used by the water 
utilities for its simple form and the variables in the model are easy to measure. In the 
model, k, a, b, c, d, e, f, g and h are constants which are determined by fitting the model 
to the data; DOC, pH, T, Cl2, UV254, Br- and t represent dissolved organic carbon, pH of 
the sample, temperature, chlorine dose, ultraviolet adsorption at 254 nm, bromide 
concentration and reaction time respectively. Since this type of model is empirical and 
mathematically based, without reference to reaction chemistry, the usage of the models 
is limited.  
 
                    BP=k(DOC)a (pHD − b)c (T)d (Cl2)e (UV254 ) f (Br−)g (t)h …...………Eq.2.8 
 
As compared to the empirical, data-fitting models, kinetic and mechanistic-based 
models can better account for the differences in water quality characteristics. Clark and 
Sivaganesan (1998), Clark et al. (2001), Gang et al. (2002) and Sohn et al. (2004) 
modelled chlorine decay into two reactions – rapid and slow reaction - which were 
associated with the reactions at active sites, to predict the formation of THMs and 
HAAs. Despite the improvement of considering a mechanistic basis, the predictions 
from the kinetic model were not significantly better than those from the power function 
model. A further improvement was made by McClellan (2000), who proposed a three-
step reaction between chlorine and NOM active sites as instantaneous, fast and slow 
reactions. The modified model showed a more accurate prediction ability than the 
power function model, but it still could not model successfully on waters from different 
geographical sources (Westerhoff et al., 2002). This is believed to be because chlorine 
concentration was the only parameter used in this mechanistic based model accounting 
for the difference in NOM nature. Therefore, further research is needed to extend the 
knowledge of the relations between the selected parameters and NOM characteristics so 
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as to refine the model. On the other hand, the power function model can also be a useful 
tool when exploring the combined effects of the parameters on THM or HAA formation.  
 
Results from the previous studies have demonstrated that three HAA subgroups – 
mono-, di-, tri-HAAs may be formed from different types of precursors and thus the 
distribution of the three subgroups stays constant at varying levels of bromide or 
chlorine, as discussed earlier. Based on this assumption, Cowman and Singer (1996) 
developed a HAA speciation model that used the ratio of HOBr to HOCl as the 
estimator for halogen substitution. The foundation of the model was based on 
probability theory, which is valid given the following three assumptions: (1) in each 
subgroup of HAA, the individual HAA species are formed through the same chemical 
pathways; (2) the probability of formation of a particular species within a group is a 
function only of the designated estimator; (3) the mole fraction of total HAAs present as 
mono-, di-, or trihalogenated species remains constant with varying bromide 
concentration. The equations used in the model are illustrated as follows in Eq. 2.9 to 
Eq. 2.17. In the equations, factor γ is introduced to account for the difference in 
reactivity between HOBr and HOCl in reactions to form HAAs.  
 
For monohalogenated species:  
                                                      
                                               
][
][1
1
HOCl
HOBr
xMCAA γ+
= ………………………………Eq. 2.9 
][
][1
][HOClxMBAA = ……………………………...Eq. 2.10
][HOBrγ
                                              
HOCl
HOBrγ+
 
 is the mole fraction of the total monohalogenated species present as MCAA etc. 
 
xMCAA
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For dihalogenated species: 
22 )
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HOBr
HOCl
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= ……………………Eq. 2.11                                  
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 is the mole fraction of the total dihalogenated species present as DCAA etc. 
For trihalogenated species: 
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TCAAx  is the mole fraction of the total trihalogenated species present as TCAA etc. 
 
Initial HOBr and HOCl concentrations (HOCl was calculated as the difference between 
the chlorine dose and the moles of HOBr from reaction with bromide) were used in the 
model calculation on the assumption that bromide ion was rapidly and completely 
 59
Chapter 2                                                                                                             Literature Review      
oxidised to HOBr before reacting with NOM. The model shows the same pattern to 
species gained from experiments with the changes in bromide 
nd TBAA in regions of high bromide concentration, while it overestimated the 
mole fractions of BCAA and CDBAA. Apart from the accuracy in predicting the 
refl
can
individual HAA 
concentration. However, it tended to underestimate the mole fractions of MBAA, 
DBAA, a
distribution of HAA species, the model is also of limited use, as there are no factors 
ecting the difference in precursor type, the concentration of precursors, etc. which 
 be significant determinants in HAA speciation.  
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2.5 Summary 
The gaps existing in the current research on HAA formation can be summarised as 
• There is still limited understanding about HAA formation associated with the 
characteristics of NOM. In other words, the reason(s) for the differences observed in 
HAA yield and speciation caused by seasonal and source variation is (are) not clear.  
•
 The effect of bromide ion on the yield and species distribution of HAA has been 
l models 
are limited in their application and are highly source dependent.  
follows: 
 Although fractionation is a widely used method to characterise NOM in HAA 
studies, no data have been reported for the interactive effects between each fraction 
of NOM in terms of HAA yield and speciation. 
•
found to vary in different studies, which indicates that important factors, including 
the characteristics of precursors and operational parameters in the chlorination, may 
be crucial in influencing bromine incorporation.  
• No surrogate so far can be used in predicting HAA formation due to the complex 
nature of NOM. This is also the reason that previously established empirica
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 C ER 3    
M RIALS AND M THODS 
 
3.1 Algae Cultivation 
Two algae species were chosen in this study, Anabaena flos-aquae and Microcystis 
a  comm  in UK surface water reservoirs and are known to 
be associated with water treatment and quality problems.  
 
Stock cultures of both algae species were purchased from the Institut Pasteur France. 
T dia was prepared a g to the recipe given  supplier and algae 
inoculation procedures were also followed in accordance with uggestion given by 
the supplier. The recipe of the me d to culture the algae species is listed in Table 
3 claved, the edia for the two species were adjusted to pH 7.4.  
he autoclaving condition was at 1210C (15 lb/in2, 1.014 kgf/cm2) for 20 min.  
tock algal cultures were firstly diluted with their growth media into 250ml conical 
asks to keep the algae in a proper density for optimal growth. The diluted cultures 
ere then kept in the shaking water bath under controlled conditions of temperature    
0 0C), illumination (12h light/12h dark), and sufficient aeration. After each species 
ad achieved sufficient growth, they were further sub-cultured into more flasks for 
ture use. The operational procedures including the media preparation and the algae 
ansformation were all operated under a sterile condition. 
HAPT
ATE E
eruginosa, which are very on
he growth me ccordin  by the
 the s
dia use
.1.  Before being auto  m
T
 
S
fl
w
(2
h
fu
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Table 3.1 Composition of growth medium solutions 
Growth Medium Solution (mg/L) 
Constituent 
Microcystis aeruginosa Anabaena flos-aquae 
CaCl2·2H2O 
K2HPO4 
MgSO4·7H2O 
NaHCO3 
EDTA (K2Mg) 
NaNO3 
Citric acid 
Ferric ammonium citrate 
Trace Metal: 
H3BO3 
MnCl2·4H2O 
ZnSO4·7H2O 
Na2MoO4·2H2O 
36 
40 
75 
840 
1 
2200 
6 
6 
 
2.86 
1.81 
0.222 
36 
40 
75 
__ 
1 
1500 
6 
6 
 
2.86 
1.81 
0.222 
CuSO4·5H2O 
0.39 
0.079 
1 
0.39 
0.079 
1 (NH4)6Mo7O24·4H2O 
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3.2 NOM Fractionation Techniques 
at which can pass both the XAD-8 and XAD-4 resin is the hydrophilic fraction. These 
o acid, neutral and base sub-fractions by using 
.2.1 Resin preparation 
, XAD-4 resin, AG-MP 50 cation-exchange resin 
 according to the procedure suggested by 
According to the different polarity of its constituent, NOM can be separated into 3 
generic fractions (hydrophobic, transphilic and hydrophilic), in which two XAD resins 
(XAD-8 and XAD-4 resin) play a significant role. The portion of NOM which can be 
adsorbed by XAD-8 at pH 2 is called the hydrophobic fraction; that which can pass the 
XAD-8 resin but be retained by the XAD-4 resin (at pH 2) is the transphilic fraction; 
th
fractions can be further divided int
different eluants. The fractionation scheme used here is based on the method presented 
by Croue et al. (2000a), having been improved from the earliest technique developed by 
Leenheer (1981).  Since the XAD-8 resin is no longer available, DAX-8 resin was used 
as a substitute, which has been proved to have a similar efficiency in isolating the 
hydrophobic fraction from the others (Chow, 2006). AG-MP 50 cation-exchange resin 
and A-7 anion-exchange resin was also used to collect the hydrophilic base and acid 
fractions respectively. 
 
3
All the resins including DAX-8 resin
and A-7 anion-exchange resin were cleaned
Leenheer (1981) before being put into use.  
 
Amberlite DAX-8 and XAD-4 Resins  
The resin beads were firstly sieved with a 500-µm sieve to get rid of the large ones and 
then slurried with NaOH (0.1M) to decant the fine ones suspending on top of the 
solution. The procedure was repeated to achieve a relatively even size of the resin beads, 
followed by storing in 0.1M NaOH for 24 hours. After that, the beads were Soxhlet 
extracted for 24 hours with methanol, acetonitrile and hexane to remove organic resin 
contaminants. Methanol was used to slurry the resin before being packed into the 
n and then pumped into the column to remove any remaining acetonitrile and 
ethanol. 
colum
hexane. Deionised water was pumped into the column later on until the DOC of the 
effluent was less than 1 mg/L. Just before the fractionation, three cycles of 0.1M NaOH, 
0.1M HCl and deionised water rinses were required. Clean resin was stored in m
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Bio-Rad AG-50 Cation-Exchange Resin  
The resin was Soxhlet extracted for 24 hours with methanol and then slurried with 
through 
e column until breakthrough of ammonia was observed. The resin was hydrogen 
in
deionised water before being packed into the column. 3M NH4OH was pumped 
th
saturated by pumping four bed volumes of 2M HCl through the column. Then deionised 
water was used to rinse the column until the specific conductance of the column effluent 
was the same as the influent water. Clean resin was stored in methanol. 
 
Duolite A-7 Anion-Exchange Res   
he resin was sieved with a 1.4-mm sieve to get rid of the large flakes first, followed by 
g. It was then Soxhlet 
xtracted with acetone for 24 hours and slurried with deionised water before being 
 the column effluent was the same 
s the influent water. The clean resin was stored in water. 
T
removing the fines by slurrying in deionised water and decantin
e
packed in the column. 1 M HCl was first pumped through the column until the DOC of 
the effluent was less than 1 mg/L. The resin was then changed into the free-base form 
by pumping 3 N NH4OH through the column. Finally deionised water was pumped 
through the column until the specific conductance of
a
 
3.2.2 Column capacity calculation  
Amberlite DAX-8 and XAD-4 Resins  
Adsorption or elution of organic solutes on XAD resins determines the hydrophobic-
non-hydrophobic or transphilic-hydrophilic separation of the DOC fraction. The 
designation of the three fractions is controlled by the polarity of the solute and the ratio 
of the resin quantity to the volume of water passed through the resin bed. For the DOC 
actionation, hydrophobic solutes are defined as those solutes that are greater than 50% 
eluted at the same ratio of 
sin to water eluent. The same principle can be applied to the definition of the 
E
in terms of the void volume (V0), and a column distribution coefficient, .  
 
fr
retained on DAX-8 at a given ratio of resin to water passed through the column, and 
non-hydrophobic solutes are the solutes greater than 50% 
re
transphilic fraction and hydrophilic fraction (Leenheer, 1981).  
 
rough (elution) volume V  of a solute can be described by Eq. 3.1 In general, the breakth
'k
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                                                          )1( '0 kVVE += …………………....................Eq. 3.1 
where V0 = void volume  
and 'k  = (mass of solute sorbed on XAD-8)/(mass of solute dissolved in water) 
 
To design a DOC fractionation, the column distribution coefficient k’0.5r is introduced, 
ted at the 
…………………….........Eq. 3.2 
ing the sample volume was 1 L (V0.5r = 1000 mL) and the void 
olume of DAX-8 resin is ~ 65% of its bulk column volume, then the amount of resin 
io-Rad AG-50 Cation-Exchange Resin
which is defined as a hypothetical solute with 50% retained and 50% elu
breakthrough. Since VE doesn’t represent the elution volume with 50% retention, 
another parameter, V0.5r, is defined as the effluent volume with 50% of solute retained. 
This can be expressed in Eq. 3.2: 
 
)1(22 ' 5.005.0 rEr kVVV +==                                               
 
In the design of fractionation, the column distribution coefficient k’0.5r for DAX-8 was 
chosen as 50. Assum
v
required can be calculated from Eq. 3.2 as 15.2 mL. 
 
B   
in is determined by the exchange capacity of the 
......Eq. 3.3 
here L is the specific conductance, in mmho/cm at 25 0C.  
 
                                  (mequiv of salt/L) / exchange capacity………………Eq. 3.4 
where g is the weight of resin in grams and V is the sample volume in litres. 
 
The amount of cation-exchange res
resin, the milliequivalents of cations in the sample, and the competition of hydrogen ion 
at pH 2 with other cations present in the sample for the exchange sites on the resin 
(Leenheer, 1981). The exchange capacity of AG-MP-50 cation-exchange resin is a 
constant, 4.9 mequiv/g. For samples containing relatively moderate to large 
concentrations of salt, the mequivalents of cations in the sample can be estimated from 
Eq. 3.3. and the amount of resin required can be calculated from Eq. 3.4. 
 
                                                mequiv of salt /L = 12.5L...................................
w
Vg =
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For samples with relatively low salt content, hydrogen ion in the acidified sample (pH 2, 
tion. The most weakly bound cation on AG-MP-50 is 10 mequiv/L H+) is the eluent ca
sodium and therefore breaks through first. For ion-exchange columns, elution of a 
sorbed cation by a specific ion in the mobile phase can be calculated by Eq. 3.5. 
 
                                                         0VDgVE += ………………………………...Eq. 3.5 
where VE is the breakthrough (elution) volume in mL; g is the weight of resin in grams; 
V0 is the void volume; and D is the weight distribution coefficient. The weight 
distribution coefficient for sodium DNa in hydrogen-saturated resin can be estimated 
from Eq. 3.6. 
                                                
NaNa                                            686])/[]([ == Hr KHHD …………………...........Eq. 3.6 
Na where [H]r = 4.9 mequiv, [H] = 0.01, and the KH exchange constant was estimated as 
1.4 for AG-MP-50.  
 
To cover the uncertainties and various physical processes, the amount of resin 
calculated from Eq. 3.4 and 3.5 should be doubled (Leenheer, 1981). 
 
Duolite A-7 Anion-Exchange Resin 
The amount of Duolite A-7 anion-exchange required does not depend on its maximum 
or total ion-exchange capacity, but rather on the equivalents of acid adsorbed as a 
function of pH. The sorption of HCl on Duolite A-7 as a function of pH was found to 
change linearly with pH and the capacity was 7 mequiv/g at pH 2 (Kim et al., 1976). 
Thus, the anion-exchange resin required can be calculated through Eq. 3.4 by 
substituting acid sorption for exchange. Since acid sorption on the free-base-form resin 
has moderately low kinetics, the calculated resin quantity needs to be double and the 
operational flow rate should not exceed 15 bed volumes/h (Leenheer, 1981). 
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3.2.3 Fractionation procedure 
Water samples were firstly filtered through a 0.45 µm filter capsule to remove particles 
nd concentrated by using vacuum-rotary evaporation.  After that, they were analysed 
r dissolved organic carbon (DOC) and adjusted to pH 2. The acidified water was then 
umped through the DAX-8/XAD-4 resin pair. The DAX-8 resin was back eluted with 
.1 N NaOH, from which the eluate was sent to a cation-exchange resin to collect the 
ydrophobic acid fraction (HPOA). Salts and the hydrophobic base fraction (HPOB) 
tained on the cation-exchange resin were eluted by 0.5 N NaOH. A mix of 75% 
cetonitrile and 25% water was used to desorb the hydrophobic neutral fraction (HPON) 
om the DAX-8 resin. The same procedures were applied to the XAD-4 resin to get the 
ansphilic acid (TPIA) and transphilic neutral (TPIN) fractions.  
he effluent from the DAX-8/XAD-4 resin pair was then pumped through AG-MP-50 
ation-exchange resin and Duolite A-7 anion-exchange resin to remove the acid and 
ase content of the effluent. The specific conductance of the sample effluent was 
hecked, to ensure it didn’t exceed 10 µmho/cm. If it did, the sample needed to be 
cycled through the AG-MP-50 and Duolite A-7 column pair again. The hydrophilic 
cid (HPIA) and hydrophilic base (HPIB) fractions were desorbed from the Duolite A-7 
nion exchange resin and AG-MP-50 cation-exchange resin respectively. The effluent 
om the above mentioned columns was further passed through another cation-exchange 
olumn to remove bleed from the Duolite A-7 resin from the collected hydrophilic 
eutral fraction (HPIN). All the isolated fractions were finally vacuum-evaporated to 
duce their volume and stored in a refrigerator. A detailed schematic of the 
actionation procedure is shown in Figure 3.1. 
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Figure 3.1 Schematic of the fractionation 
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3.3 Chlorination 
3.3.1 Chlorine demand and residual 
 reagent grade sodium hypochlorous acid 
e chlorination period, part of the sample in the reaction bottle 
as collected head-space free in 40 mL amber vial with PTFE-lined screw cap for 
aining was checked for pH and measured for residual 
 
Free chlorine solution was prepared from
solution (NaOCl). Stock chlorine was standardised by the DPD titration method 
(Standard Method 4500-Cl F) beforehand. Chlorine demand in the study was defined as 
the amount of chlorine sufficient to accomplish the DBP formation potential test in 7 
days according to Standard Method 5710 (APHA, 1998). Mixed potassium dihydrogen 
phosphate (KH2PO4) and sodium hydroxide (NaOH) solution was used as the phosphate 
buffer to maintain the pH at 7 during the chlorination period. A residual of at least 0.5 
mg/L (as Cl2) chlorine residual needed to be achieved in all chlorination tests. Residual 
chlorine was measured according to Standard Method 4500-Cl F (APHA, 1998). 
 
3.3.2 Chlorination tests 
All water samples were brought to room temperature prior to chlorination. Samples 
were buffered to a pH of 7 with phosphate buffer. A certain amount of chlorine was 
dosed into 250 mL amber bottle with PTFE-lined screw cap. The bottle was filled head-
space free with deionised water and then stored in the dark at 21 0C for the desired 
period. At the end of th
w
follow-up DBP analysis. The rem
chlorine and UV absorbance.  
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3.4 Analytical Methods 
3.4.1 Water quality parameters  
3.4.1.1 Organic carbon  
Total organic carbon (TOC) and dissolved organic carbon (DOC) concentration were 
andard Method 5310 C (APHA, 1998) using a Shimadzu 
d as stock solution for no longer than 1 month provided it was stored in the 
ark. Calibration standards were made from the stock to achieve a concentration range 
H were measured by a pH meter (Fisherbrand hydrus 500). The pH meter was 
calibrated when batch measurements started. The instrument was calibrated at 4 and 7 
measured according to St
TOC-Vws analyser. Samples before analysis were pre-acidified with phosphoric acid to 
remove dissolved CO2. To avoid the error caused by the machine, calibration standards 
were made regularly before sample analysis being carried out. A DOC standard was 
made by dissolving 2.125 g potassium hydrogen phthalate in 1 L deionised water. The 
inorganic carbon (IC) standard was made by dissolving 1.750 g sodium hydrogen 
carbonate in 500 mL, and mixed with another 500 mL solution containing 2.205 g 
sodium carbonate. Both standards achieved a final concentration of 1000 mg/L, which 
could be use
d
from 0 to 10 mg/L. A low system background check on deionised water was conducted 
before each run, which if it was below 0.1 mg/L was considered to be acceptable. 
Triplicates were performed on 20 percent of the total analysis to ensure the precision, 
while the rest were run in duplicate. The average relative standard deviation for the 
TOC analyser was 2%. 
 
3.4.1.2 Ultraviolet absorbance  
Measurements of ultraviolet absorbance at 254 nm (UV254) and 272 nm (UV272) were 
carried out by following the Standard Method 5910 B (APHA, 1998) using a Shimadzu 
UV-2401PC Spectrophotometer. UV measurement was conducted with a 1 cm quartz 
cell and deionised water was used as a cell blank. Since the stability and accuracy of the 
machine was very high, duplicates were performed with 20% of samples at each batch. 
The average deviation of absorbance measurement was 0.001 cm-1. 
 
3.4.1.3 pH 
p
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for low pH range, and at 7 and 10 for high pH range, in accordance with standard 
n detector (GC/ECD). Quantification of the 
ompounds involves standard calibration and a series of quality check procedures, 
ple extraction procedure are outlined in the following 
paragraph. 
g with the PTFE-lined caps were taken 
scarding some portion of the sample. The 
ming 
g 100 µg/L 1,2 dibromopropane (Sigma Aldrich) as 
ternal standard was added into the sample. Approximately 6 g of sodium sulfate 
lowed by 
ortex-mix for 1 minute. The sample was then left to sit for at least 5 minutes to settle 
and to separate the organic phase from the aquatic phase. 
procedures (APHA, 1998).  
 
3.4.2 Trihalomethanes (THMs) 
3.4.2.1 Sample Extraction 
The measurement of trihalomethane compounds followed Standard Method 6232B 
(APHA, 1998) but with minor modifications developed by the University of North 
Carolina Lab (Baribeau et al., 2005). THM compounds were extracted into methyl tert-
butyl ether (MtBE, Sigma Aldrich) and identified by capillary column gas 
chromatography with a micro electro
c
which along with the sam
 
Samples were quenched with ammonium sulfate ((NH4)2SO4) in headspace free 40 mL 
vials with PTFE-lined caps. At the time of extraction, approximately 10 mL of sample 
was discarded and with vigorous stirring to get rid of the sample stained on the PTFE 
liner. Weight measurements of the vials alon
before collecting the sample and after di
difference of the two weight measurements provided the volume of sample (assu
the density of water is 1 g/mL at room temperature).  
 
A 4 mL volume of MtBE containin
in
(VWR, UK) was added in order to aid the extraction of THM into MtBE, fol
v
the sodium sulfate crystals 
One ml or more of MtBE layer was transferred by Pasteur pipette to a 2 mL glass 
autosampler vial and capped with a Teflon-lined seal. Extracted samples were stored in 
a freezer at – 17 0C for no more than 2 weeks before GC analysis. 
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3.4.2.2 Calibration of THM4  
Standards of the four THM species were prepared from 1mL ampule of 5000 µg/mL 
standard compounds dissolved in methanol (SUPELCO Bellefonte, PA). Four ampules 
of standard solution were firstly mixed and diluted to a desired concentration of   
400 µg/mL for each compound. Then the mixed standard was fortified into deionised 
water at 8 different concentrations, from the lowest of 1 µg/L to the highest of 100 µg/L.
      
 
he lowest concentration of standards was chosen to be below the minimum reporting 
andard solutions were treated exactly the same way as 
the samples in future THM analysis with all preservatives and other reagents added in. 
meters are listed in Table 3.2. An example of a THM 
late the detection limits of each THM compound, which was the same 
T
level (MRL) and all fortified st
The GC operational para
chromatograph is shown in Figure 3.2. 
 
3.4.2.3 Detection Limits 
Seven replicate samples at a fortified concentration with a signal of 2 to 5 times the 
noise level were prepared, extracted and analysed over a period of 3 days. Sample 
preservatives and other reagents were also added into these replicate samples. Eq. 3.7 
was used to calcu
as that in HAA analysis (Domino et al., 2003). 
 
                                                       DL = St(n−1,1−α= 0.99)……………………………..Eq. 3.7 
where t(n-1, 1-α=0.99)  is the students t value for the 99% confidence level with n-1 degrees 
of freedom. (3.134 for 7 replicates); n is the number of replicates; and S is the standard 
deviation of the replicate analyses. 
 
The detection limits of four THM species is shown in Appendix (Table A-1).  
 
3.4.2.4 Quality Assurance  
The standard calibration mix was firstly diluted into three different levels of 
oncentration (low, medium and high) and then fortified into deionised water, as well as c
water samples from the field. The same procedures were used as in establishing the 
calibration curve or detection limits. As can been seen in Tables A-2 and A-3 given in 
the Appendix, the recovery of all four THM species fortified at high concentration was 
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observed to be higher than those fortified at low concentration, suggesting that 
precautions (such as making sure the samples were collected headspace free; extracting 
samples as soon as the procedure starts etc.) should be taken during process the samples 
containing THMs due to their volatile characteristics. In addition, the recoveries of 
HM species spiked into blank water were higher than those into field water samples. 
to the interference of other solutes present in real waters.   
D). Similar to the analysis of THM, 
alibration and quality assurance procedures were also required before the 
analysis of target water samples. The outline of the method is elucidated below. 
ogate standard (20 µg/mL of 2-
romobutanoic acid in MtBE) was added to the aqueous sample. 2 mL of concentrated 
d to adjust the sample pH to 2, followed by the addition of 
ital 
ixer. The sample was then left to stand for 5 minutes afterwards to separate the phases. 
 the sample to separate the organic phase. Once the interface between the 
organic phase and the aqueous phase became clear, the lower aqueous phase was 
T
This is most likely attributed 
 
3.4.3 Haloacetic acids (HAAs) 
3.4.3.1 Sample Extraction 
The measurement of nine haloacetic acid (HAA) species was determined according to 
U.S. EPA METHOD 552.3 (Domino et al., 2003). HAA compounds were extracted into 
methyl tert-butyl ether (MtBE, Sigma Aldrich), converted to their methyl esters by the 
addition of acidic methanol followed by heating for 2 hours, and finally identified by 
capillary column gas chromatography (GC/EC
standard c
 
Samples were quenched with ammonium sulfate ((NH4)2SO4) in headspace free 40 mL 
amber vials with PTFE-lined caps. 20 µL of surr
b
sulfuric acid was then adde
18 g sodium sulfate with vigorous shaking to achieve dissolution. After that, 4 mL of 
MtBE containing with 1,2,3-trichloropropane (Sigma Aldrich, UK) as internal standard 
were transferred into aqueous sample and allowed to mix for 3 minutes on an orb
m
3 mL of the upper MtBE layer were transferred into a 15 mL COD tube containing 3 
mL 10% sulfuric acid in methanol, and the solution was well mixed and heated in the 
heating block for 2 hours.  
 
After 2 hours, the methylated sample was removed from the heating block and allowed 
to cool before removing the tube cap. 7 mL of 150 g/L sodium sulfate solution were 
added into
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removed and discarded by pasteur pipette. 1 mL of saturated sodium hydrogen 
carbonate was used to neutralise the acidic extract. About 1 mL of the extract was then 
transferred into a 2 mL amber autosampler vial. All extracted samples were stored in a 
freezer at – 17 0C for no more than 2 weeks before GC analysis. 
 
3.4.3.2 Calibration of HAA9 
The HAA standards used is the calibration mix solution (SUPELCO Bellefonte, PA) 
ethyl tert-butyl ether (MtBE) with each HAA species in identical 
concentration (2000 µg/mL). The standard solution was fortified into deionised water at 
9 different levels from 1 µg/mL up to 250 µg/mL. The lowest concentration of standards 
was chosen to be below the minimum reporting level (MRL) and all fortified standard 
solutions were treated exactly the same way as the samples in future HAA analysis with 
the addition of all preservatives and other reagents. The GC operational parameters are 
listed in Table 3.2. Figure 3.3 shows a typical GC/ECD chromatogram of HAAs, 
internal standards (IS) and surrogate (SUR).  
 
3.4.3.3 Detection Limits 
The same statistical method was used as for the THMs. The detection limits of the 9 
HAA species are given in the Appendix (Table A-1). 
 
3.4.3.4 Quality Assurance 
The standard calibration mix was diluted into three different levels of concentration 
(low, medium and high) before being fortified into deionised water, as well as water 
samples from the field. The results are shown in the Appendix (Table A-4 and A-5). 
 
A consistently higher recovery was achieved for the chlorinated species (DCAA and 
TCAA) than those for the brominated or mixed halogenated species, due to the lower 
methylation efficiency and instability properties of brominated species. However, in all 
fortified water samples, MCAA was found to have a lower recovery compared to other 
species. This is because the peak area of MCAA in the chromatogram is very small, and 
usually needed manual integrations which depended on the integration experience of the 
operator.  
stored in m
 75
Chapter 3      
 
                                                                                                Materials and Methods     
76
alysis, the recovery of the HAA species was 
s ilar in blank water 
n icating that the recovery was greater at a high fortification level 
t ow fortificati atog
v  the de  of all 9 species, as long as rtified level is well above 
t m  
and derivatisation proc
 
In contrast to the findings of the THM an
im fortification as in real water fortification. In addition, there was 
o obvious trend ind
han at a l on level. Since the gas chrom raphy (GC) used in this study is 
ery sensitive to tection  the fo
he detection limit, the recovery mainly depends on sa
ess) and the quality of the calibration curve. 
ple pre-preparation (extraction
 
C 
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GC operational parameters 
 THM HAA 
Analytical Column 
Model: DB-1701 DB-1701 
Manufacturer: SGE SGE 
Stationary phase: 
14% cyanopropylphenyl-
methylpolysiloxane 
14% cyanopropylphenyl-
methylpolysiloxane 
Length: 30 m 30 m 
Internal diameter: 0.25 mm 0.25 mm 
Film thickness: 0.25 µm 0.25 µm 
Injector 
Injection volumn: 1 µL 1 µL 
Temperature: 200 0C 210 0C 
Mode: Splitness Splitness 
Detector 
Type: 63Ni 63Ni 
Temperature: 290 0C 290 0C 
Makeup Gas Nitrogen, 30 mL/min Nitrogen, 30 mL/min 
Oven Temperature Program 
 
35 0C - Hold 20 min 
∆ 10 0C/min to 150 0C  
150 0C - Hold 2 min 
 
40 0C - Hold 10 min 
∆ 2.5 0C/min to 650C  
∆ 10 0C/min to 850C 
∆ 20 0C/min 
205 0C - Hold 7 min 
Carrier Gas   
Type: UHP He UHP He 
Column velocity: 33 cm/sec. 33 cm/sec. 
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Figure 3.2 The chromatogram of a mixture of THMs and internal standard (x-axis in minutes)
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 CHAPTER 4    
SEASONAL VARIATION OF NOM AND HAA 
FORMATION POTENTIAL 
                                                                
4.1 Introduction 
HAA compounds are formed by the reaction between chlorine and background natural 
organic matter (NOM) and the characteristics of NOM are significant factors in HAA 
formation and speciation. However, as is mentioned in Chapter 2, natural organic matter 
(NOM) is a heterogeneous mixture of complex organic materials, which can vary in 
concentration and composition both temporally and spatially. This can cause difficulties 
for water utilities attempting to control HAA levels. Understanding the seasonal 
changes in NOM components and their reactivity in terms of HAA formation will help 
water utilities adapt their operational practices, thus achieving improved and more 
consistent water quality.  
 
Extensive study has been conducted to characterise the properties of NOM, among 
which resin fractionation based on the difference in polarity and chemical properties to 
separate organic matter is currently the most widely used method. Previous fundamental 
studies of HAA precursors have concentrated on the significance of chemically 
separated NOM fractions, such as hydrophilic and hydrophobic acids and bases derived 
from different water sources (Marhaba and Van, 2000, Chang et al., 2001, Liang and 
inger, 2003). There is continued uncertainty about the degree to which hydrophobic or 
hydrophilic fractions are important relative to one another as precursors for HAA 
formation. The NOM in the water source in this study had both hydrophobic and 
hydrophilic fractions and relatively high HAA formation potential. A newly developed 
fractionation method was used here which further separated the hydrophilic fraction into 
two fractions, known as transphilic fractions (acid and neutral).  
S
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Although the use of fractionation provides a relatively deep insight into the 
characteristics of NOM and their relation to HAA formation, the operation is 
orrelated with SUVA (Ates 
t al., 2007). Another UV related parameter, ∆Aλ (the change in UV absorbance), which 
reflects the changes in the nature of the NOM during the reaction with chlorine, has 
been introduced and is becoming widely accepted. Changes of UV at a wavelength of 
272 nm are commonly chosen as an alternative to 254 nm to monitor NOM changes 
caused by chlorination for the following two reasons: (1) all the spectra (wavelength vs. 
absorbance difference after chlorination) have a well-defined band with a maximum 
near 272 nm (Korshin et al., 2007); (2) quenching agents containing sulphite have a tail 
of the intense absorption band with a maximum at 210 nm. Thus, the higher wavelength 
can minimise the interference.  In this study, the applicability of UV absorbance as a 
surrogate to predict HAA formation was extensively explored with attention focused 
mainly on the characteristics of NOM, chlorination time and presence of bromide.  
 
complicated and not practical for in-situ assessment. Other parameters to characterise 
NOM such as UV absorbance, on the other hand, are easier to measure and can be 
conducted on-line in treatment plants and distribution systems. Measurement of UV 
absorbance of solutions at wavelengths ranging between 254 nm and 280 nm can reflect 
the presence of unsaturated double bonds and π-π electron interactions such as those 
found in aromatic compounds (Korshin et al., 1997c). Since chlorine has been shown to 
attack preferentially the electron-rich sites of NOM, which absorb UV light effectively 
at the stated wavelength range, the specific ultraviolet absorbance at a wavelength of 
254 nm (SUVA254) has been frequently used as a surrogate for DBP formation. 
However, SUVA is not a robust parameter to predict the DBP formation. Good 
correlations were reported for water with a high content of hydrophobic and aromatic 
materials (Korshin et al., 1997a, Croue et al., 2000a, Kitis et al., 2001), but water with 
low DOC and low hydrophobicity was found to be poorly c
e
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4.2 Objectives and Approach  
The primary object is to assess the influence of seasonal variation of source water 
quality, especially of HAA precursors and its influence on HAA formation. Raw water 
samples collected in December 2006, October 2007, April 2008 and June 2008, as 
representative samples of winter, autumn, spring and summer seasons, were fractionated 
and then chlorinated in the study. The HAA productivity of the 8 fractions from the 
bulk water collected in one season were compared with their counterparts from those 
collected in other seasons. The raw waters were found to contain a small amount of 
background bromide ion (< 0.05 mg/mg DOC), and so to investigate the effect of 
elevated bromide concentration on HAA yield and speciation additional bromide was 
spiked into some of the water samples to obtain a concentration of 0.48 mg/L. This 
value was chosen to be high enough to ensure the formation of all nine HAA species 
without being bromide-limited, and matched high levels of bromide occurrence reported 
by Kampioti and Stephanou (2002) and Chow et al. (2007). 
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4.3 Materials and Methods  
ed (0.45 µm filter capsule) and analysed Collected raw water samples were firstly filter
for water quality parameters, such as pH, DOC and UV254. Part of the bulk water (up to 
30 L) was then fractionated into 8 fractions using the method described in Chapter 3 
(section 3.2.3). The DOC of all samples was diluted to 2 mg/L prior to chlorination. The 
chlorine dose was determined based on the highest chlorine demand from all 8 fractions 
as well as the bulk water, which ensured that samples would have a substantial residual 
of chlorine (≥ 0.5 mg/L) after a 7-day chlorination period. Bromide was purposely 
spiked into some of the water samples to achieve a final concentration of 0.48 mg/L 
(exclude the concentration of background bromide) in order to study the impact of 
bromide on HAA formation. For the kinetics study, samples were quenched at different 
times from 6 hours up to 7 days. For some fractions without enough sample quantity to 
complete a kinetic study, the period of chlorination was only conducted for 1 day and 7 
days. Details of the procedures for fractionation, chlorination and HAA analysis were 
described in Chapter 3 (sections 3.2.3, 3.3.2 and 3.4.3). Due to time limitations 
associated with the large number of samples, duplication of the chlorination tests with 
individual NOM fractions was applied to only half of the samples, and the samples for 
HAA analysis were all duplicated.  
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4.4 Results and Discussion 
4.4.1 Bulk water profile in different seasons 
Table 4.1 shows the seasonal variation of the collected lowland raw water with regard to 
water quality parameters. Among all four seasons, the water collected in winter had the 
highest DOC concentration whilst it had the lowest value for specific ultra-violet 
absorbance at 254 nm (SUVA254). The representative water for spring, on the other hand, 
ad the lowest DOC concentration as compared to others but was highest in SUVA 
included in the newly-developed 
actionation method (Croue et al., 2000a), whose polarity is between hydrophobic and 
ydrophilic fractions. Transphilic acid (TPIA) is usually characterised as having less 
romatic content but a larger amount of oxygen, nitrogen and sulphur, and is probably 
roduced by autochthonous processes such as the degradation of microorganisms 
iken et al., 1992, Croue et al., 2000a). Transphilic neutral substances (TPIN) isolated 
om several water sources are also exclusively of the same type (autochthonous related 
h
value. SUVA has been shown to correlate well with aromatic content (Edzwald and 
Tobiason, 1999). As can be seen in Figure 4.1, water collected in spring contained the 
highest proportion of hydrophobic fraction as compared to the waters collected in other 
three seasons, which is in accordance with the suggestion that higher SUVA value may 
contain more hydrophobic substances. However, the increase of transphilic and 
hydrophilic content did not necessarily correlate to a lower SUVA, as is evident from 
the NOM distribution of water collected in autumn and summer, which is different from 
the findings of Hua and Reckhow (2007). This is because of the differences in the 
nature of the precursors, in which the hydrophilic fraction can also comprise materials 
with an aromatic structure (Table 4.2). The water source studied contained a relatively 
low level of background bromide ion, whose concentration from unit DOC was constant 
throughout the three seasons (from available data). Most of the background bromide 
was removed in the fractionation process, and only trace amounts of bromide were 
found mainly in the HPIA and HPIN fractions. 
 
Slight changes were observed with raw water collected in different seasons in terms of 
the distribution of the 3 generic fractions (hydrophobic, transphilic and hydrophilic). 
Water collected in spring had the highest proportion of hydrophobic fraction, while 
water collected in summer had the greatest hydrophilic content. The transphilic fraction 
separated from the hydrophilic fraction was 
fr
h
a
p
(A
fr
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source), which implies that the transphilic fraction is closely related to the biochemical 
source and thus e hibits a strong sea  (B re hi he 
results fo that water  a a er 
transphilic fraction, as compare aters, since the 
representat ampling for a  corresponded to the peak input of algal 
materials after alg ing perio e algal biomass had not been com letely 
as representative of winter. 
 
nation procedure, the DOC of each fraction was measured to 
ate the recovery efficiency (Table 4.3). A 10% loss in water sample collected in 
cted in autumn, spring and 
summer, respectively, were estimated after fractionation. These errors are considered 
acceptable, as erro % have als
researchers (Croue et al., 1999, Marhaba and Van, 2000, Kanokkantapong et al., 2006a). 
T f N  from ater cted inte s fo to b ainly of the 
h c fra  by arin  tota of hydrophilic fraction prior to further 
f n, the s su  the e hy hilic -frac . A lar 
een reported by other researchers (Croue et al., 1999, Chang et al., 
000, Marhaba and Van, 2000), which may be explained by the existence of volatile 
substances, or the limitation of the technique to identify other substances from the 
hydrophilic fraction. The recovery surplus in water may be attributed to the resin beads 
not being fully cleaned before use or resin bleeds due to the resin age. According to the 
fractionation method (Leenheer, 1981), the DOC of the distilled water eluted from 
resins should not exceed 0.02 mg/L after the resins have been cleaned. However, this 
requirement is difficult to achieve due to the detection sensitivity of the TOC analyser 
(Shimazu TOC-Vws). The DOC of the eluents from the cleaned resins was measured as 
0.5 mg/L in this study. In addition, the accuracy of DOC measurements (~ 1 mg/L) may 
also influence the calculated recovery efficiency.  
 
 
 
 
 
 
 
 
x sonal trend ourbonnie , 1989). T s explains t
und in the study  collected in winter and utumn cont ined a great
d to the spring and summer w
ive time of s utumn
ae bloom d and th p
degraded in the samples taken 
To validate the fractio
estim
winter, and a 12%, 3% and 2.5% surplus in water colle
rs varying from 3% to 12 o been reported by other 
he loss o OM  w colle in w r wa und e m
ydrophili ction comp g the l mass 
ractionatio with mas m of  thre drop  sub tions simi
behaviour has also b
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Characteristics of raw water collected crossing four different seasons  
 RW_Win RW_Aut RW_Spr RW_Sum 
Collection Time Dec. 2006  Oct. 2007 Apr. 2008 Jun. 2008 
DOC (mg/L)        3.3 3.0 2.1 2.7 
UV254 (l/m) 8.43 7.9 7.7 8.2 
SUVA254 (l/mg·m)       2.6 2.7 3.6 3.1 
[Br-] (mg/L) n.a.* 0.069 0.048 0.065 
n.a. – not available 
Specific UV absorbance of NOM fractions 
SUVA254 (l/mg·m) 
 
HPOA HPON HPOB TPIA TPIN HPIA HPIN HPIB 
RW_Win    n.a.* 
RW_Aut 3.2 1.3 1.7 1.4 0.5 2.0 3.5 1 
RW_Spr 4.7 1.6 2.4 5.7 1.4 2.3 3.4 2.5 
RW_Sum 3.6 1.1 1.7 1.5 0.7 3.6 2.9 2.8 
n.a. – not available 
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 Table 4.3 DOC recovery efficiency after fractionation 
RW_Win RW_Aut RW_Spr   RW_Sum
Fraction M
Rec
(
ass 
over
mg) 
DOC
eff
o
f n
 
y 
DOC recovery 
efficiency  
(%) 
Mass 
Recovery 
(mg) 
DOC recovery 
efficiency  
(%) 
Mass 
Recovery 
(mg) 
 recovery 
iciency 
 (%) 
Mass 
Recovery 
(mg) 
DO
e
C rec
ficie
(%)
very 
cy  
Hydrophobic 
         Acid 
         Neutral 
         Base 
Transphilic 
         Acid 
         Neutral 
Hydrophilic 
         Acid 
         Neutral 
         Base 
25.0 
       1
       1
         
12.4 
         
         
21.8 
         
         
       1
1.8 
0.5 
2.7 
6.0 
6.4 
3.9 
7.8 
0.0 
44.5
      31.4
        8.3
        4.8
18.80 
      10.0
        8.7
40.00 
      15.8
      18.1
        6.0
28 
  26.95
    6.67
    4.66
66 
    9.14
    7.52
.59     
  18.52
  23.31
    5.76
38.08 
       18.00 
       15.91 
         4.17 
18.85 
         9.09 
         9.76 
33.10 
         5.96 
       11.87 
       15.26 
19.8 
       14.5 
         2.7 
         2.6 
12.1 
         4.9 
         7.2 
17.7 
         3.7 
         7.4 
         6.6 
44.93 
       32.81 
         6.23 
         5.89 
27.53 
       11.15 
       16.38 
40.10 
         8.36 
         6.88 
       14.86        
22.9 
       16.1 
         4.3 
         2.5 
9.7 
         5.2 
         4.5 
20.5 
         8.1 
         9.3 
         3.1 
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4.4.2 HAA formation kinetics, speciation and reactivity profile of NOM  
4.4.2.1 Bulk water 
ince HAA formation data from the bulk water collected in winter is not available, the 
n kinetics can only be compared among waters collected in the 
order of the other 8 HAA species formations was the same as that of autumn water. A 
S
study of HAA formatio
other 3 seasons, which is displayed in Figure 4.2(a). As expected, HAA was formed 
rapidly within the first 24 hrs, followed by a steady increase afterwards. A notable 
decrease in the formation rate was observed after 3 days. Water samples collected in the 
autumn and spring had similar HAA yields, which were slightly higher than the samples 
collected in summer.  
 
With regard to HAA speciation, the chlorinated species DCAA and TCAA formed from 
the bulk water collected in all three seasons accounted for 70 - 80% of total HAA 
formation, followed by the species with only one bromine atom incorporated - BDCAA 
and BCAA - due to relatively low Br- to DOC ratio (0.023-0.024 mg/mg C). In contrast 
to DCAA and TCAA, the brominated HAA species formed within the first 6 hrs 
accounted for approximately half of the amount formed after 7 days. The highest TCAA 
to DCAA ratio for water collected in autumn and spring was observed after a 10 hrs 
chlorine reaction period (TCAA:DCAA = 2), however, it decreased to 1.7 for autumn 
water and 1.4 for spring water after 7 days. The greater ratio of TCAA to DCAA 
appearing towards the end of the short-term chlorine reaction period may reflect a 
preferential halogen-addition mechanism leading to the formation of higher halogenated 
HAA species. In contrast, the subsequent preferential formation of DCAA over TCAA 
may indicate the change in HAA precursor type and possibly the chlorination 
mechanism as well, while the chlorine to DOC ratio remained at a relatively high level. 
The ratio of TCAA to DCAA for summer water was slightly lower than that for autumn 
and spring water, ranging from 1.9 (after 10 hrs) to 1.1 (after 7 days).  
 
 The formation of individual HAA species was similar for autumn and spring water 
(Figure 4.3). In the autumn water, TBAA was only observed at a chlorination duration 
of 16 hrs, 1 day, 3 days and 7 days; and the yield of the other 6 detectable HAA species 
can be ranked in magnitude as follows: TCAA > DCAA > BDCAA > BCAA > 
CDBAA > DBAA. In spring water, no TBAA was detected at any time and the rank 
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similar rank order of HAA speciation was also observed in summer water, in which a 
very small amount of TBAA was produced at the chlorination periods of 16 hrs and 7 
days. 
 
4.4.2.2 NOM fractions 
Since there was not a sufficient amount of fractions available from the winter water, 
chlorination was only carried out up to 3 days. It can be seen from Figure 4.4 that all 
three generic fractions (hydrophobic, transphilic and hydrophilic fractions) played an 
important role in HAA formation in the waters representative of the four seasons. In the 
winter water, TPIN was the most reactive fraction, followed by HPON and TPIA after a 
3-day chlorination period. However, the latter two fractions exhibited a faster reaction 
rate for HAA formation initially as compared to TPIN. HPOA and HPIN were the most 
reactive fractions in terms of HAA formation for the other three seasons, followed by 
HPIA. The HAA yield from HPOA in autumn water demonstrated a greater relative 
hange over a 7 day chlorination period as compared to HPIN (2 µmol/mmol C after 6 c
hrs to 7 µmol/mmol C after 7 days of chlorination time, while the yield from HPIN 
increased from 10 µmol/mmol C after 6 hrs to 13 µmol/mmol C after 7 days). For water 
collected in spring and summer, HPOA and HPIN had a similar formation rate and 
HAA yield. TPIA isolated from spring water surprisingly showed a high potential for 
HAA formation. For other NOM fractions, the ranking in terms of HAA formation 
reactivity varied slightly among different seasons. With regard to the relationship 
between chlorine consumption and HAA formation (Figure 4.5), TPIN and HPIB 
showed a relatively lower HAA formation potential per unit chlorine consumed 
(µmol/mmol Cl) than the other fractions, suggesting the existence of nitrogenous NOM 
in these fractions, as nitrogenous NOM exerts high chlorine demand. For most of the 
NOM fractions, those from the spring water produced the most HAA per unit chlorine, 
followed by the summer water; exceptions to this were observed for HPOA and HPIN.  
 
Although seasonal variation had some impact on HAA speciation with regard to 
individual NOM fractions, differences in HAA speciation were mainly exhibited among 
the different NOM fractions. For hydrophobic fractions, equal amounts of di- and tri-
HAA were formed from HPON and HPOB, while the formation of tri-HAA was 
slightly higher than di-HAA from HPOA. In spring water, TPIA contained more tri-
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HAA precursors than di-HAA, whereas the two HAA species groups had a similar yield 
in autumn and summer waters. HPIA and HPIN were more significant tri-HAA 
recursors in the autumn and spring waters, while a similar amount of di- and tri-HAA 
recursors was evident in the summer water. For TPIN and HPIB fractions, di-HAAs 
ere the dominant HAA species, accounting for more than 60% of the total HAA yield. 
In spring water, 5-10% of mono-HAAs were formed from the hydrophobic and 
transphilic fractions, whereas mono-HAA was only produced by the hydrophilic 
fractions in autumn and summer waters. The distribution of HAA species for the winter 
water was very different from the waters of the other three seasons, which may be 
attributed to the difference in HAA precursors or because of the limited chlorination 
period. Apart from two neutral fractions (HPON and TPIN), mono-HAA was the 
dominant HAA species produced by the other six NOM fractions.  HPOB appeared to 
be the least productive tri-HAA precursor substance, followed by the three hydrophilic 
.4.2.3 Implications on reactivity profile of NOM fractions relating to bulk water 
some of the NOM fractions had higher 
an the others, but when estimating the contribution of fractions to HAA 
mation, the proportion of individual fractions within NOM is an important parameter 
 It can be seen in Figure 4.6 that the 
HAA formation as compared to the other two 
ophobic fraction isolated from the spring 
mation, while the hydrophilic fraction from 
ilar amount of HAA formation. This indicates that both the 
on can be a significant HAA precursor, 
especially in waters with low to medium SUVA. The potential interaction among 
fractions (e.g. synergism or antagonism) was investigated by comparing the numerical 
sum of HAA formed individually by each generic fraction with the yield produced by 
the bulk water. The results suggested that there were no obvious interactions among the 
isolated fractions found in the spring and summer water. However, the numerical sum 
of HAA formation from the fractions isolated from the autumn water was only three-
quarters of the HAA formation from the bulk water. This may suggest some synergism 
between fractions or alternatively may be attributed to the effect of impurities 
p
p
w
fractions, while TPIN appeared to be the most significant di-HAA precursor.   
 
4
As has been discussed in section 4.4.2.2, 
reactivity th
for
which needs to be taken into consideration.
transphilic fraction contributed the least to 
generic fractions. HAAs produced by the hydr
water accounted for 47% of total HAA for
summer water gave a sim
hydrophobic fraction and the hydrophilic fracti
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introduced during the fractionation process, which have a much lower HAA formation 
potential.  
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Figure 4.2 HAA formation kinetics from raw water in 3 different seasons under 
conditions (a) without bromide spike; (b) with bromide spike 
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Figure 4.4 HAA formation from individual NOM fractions separated from water 
c
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Figure 4.5 The relationship between chlorine consumption and HAA formation for raw 
water samples and individual NOM fractions separated from the water collected in three 
different seasons (results displayed as bar chart correspond to the y axis on the left, and 
the values displayed as data points correspond to the y axis on the right) 
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Figure 4.6 Potential interactions between NOM fractions (*Sum = p1 · HAAHPO + 
p2 · HAATPI + p3 · HAAHPI; where p1, p2 and p3 is the proportion of individual NOM 
fraction respectively) 
 
 
4.4.3 Effect of bromide on HAA speciation and reactivity profile  
4.4.3.1 Bulk water 
With a bromide spike, the HAA yield from the water collected in autumn and spring 
creased by up to 12%, however, there was no obvious change in HAA yield from the 
summer water (Figure 4.2(b)). A slightly higher ratio of bromine to chlorine 
s was observed in the first couple of hours after chlorination for 
ine became less active which may be 
ttributed to the decrease of bromine to chlorine ratio resulting in the reduction of its 
in
incorporated into HAA
all bulk waters and both bromide levels (Figure 4.7(a)). This is because HOBr is known 
as a stronger halogenating agent than HOCl in the substitution reaction (Pourmoghaddas 
et al., 1993, Cowman and Singer, 1996), while chlorine performs more efficiently as an 
oxidant in the reaction with NOM, cleaving the cross-linking structures or fused-ring 
systems of humic materials to create more reactive sites accessible for subsequent 
substitution reaction of bromine (Ichihashi et al., 1999, Hua et al., 2006). After a 1-day 
chlorination period, incorporation of brom
a
competitiveness or because of the change in reaction mechanism. 
 
To examine the degree of bromine substitution into HAA species, the bromine 
incorporation factor (BIF) n’ was introduced by Symons et al. (1996), which is defined 
as the ratio of total amount of bromide incorporated to the total HAA yield (Eq. 4.1). 
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                              n’ = HAABr6 (µmol/L) / THAA (µmol/L)...........................................Eq. 4.1 
where HAABr6 = [MBAA] + [BCAA] + [BDCAA] + 2[DBAA] + 2[CDBAA] + 3[TBAA]  
 
The autumn water, with the lowest SUVA value showed the highest degree of bromine 
incorporation, while the spring and summer water had a similar degree of incorporation 
after a chlorination period of 7 days (Figure 4.7(b)). This is consistent with the 
suggestion by Kitis et al. (2002) that bromine is more effectively incorporated into low 
UV-absorbing, low molecular weight and hydrophilic fractions.  
 
With regard to HAA speciation, similar distributions of mono-, di- and tri-HAA were 
observed in all waters with, and without, the bromide spiked, which confirms the 
hypothesis that HAAs containing bromine are probably formed through an analogous 
pathway as the chlorinated HAA species - MCAA, DCAA and TCAA (Cowman and 
Singer, 1996). In terms of reaction kinetics, approximately 41% to 52% of the 7-day di-
HAA and 67% to 71% of the 7-day tri-HAA were formed within a one-day chlorination 
period when spiked with bromide, whereas the corresponding proportions of the two 
HAA generic species group were less in samples without bromide spike (Figure 4.8). As 
mentioned earlier bromine has a faster reaction rate than chlorine, and so the 
introduction of a greater level of bromine (from the Br spike) caused a large amount of 
brominated HAA formation in a short time. The distribution of the nine individual HAA 
species, however, varied at the two different bromide levels, although there was no 
easonal variation found. With a bromide spike, TCAA decreased dramatically by 75% s
in spring water and 78% in autumn water, and DCAA yield dropped by 54% in spring 
water and 58% in autumn water, while all the brominated HAA species generally 
increased. At the low bromide level, more BCAA was formed than CDBAA (Figure 
4.9(a)), while with the higher, spiked, concentration of bromide the higher Br-
incorporated HAA species (CDBAA) were dominant (Figure 4.9(b)). The 
concentrations of the six brominated HAA species were in the order of: BDCAA > 
CDBAA > BCAA > DBAA > TBAA > MBAA. It is noted that two brominated di-HAA 
compounds (BCAA and DBAA) increased with chlorination time for waters collected in 
all three seasons. In contrast, the highest yield of CDBAA and TBAA appeared at a 3-
day chlorination period, and the reduced values for a 7-day period may reflect the 
unstable nature of these highly brominated HAA species. BDCAA formation increased 
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with time for the spring and summer waters, but reached a maximum after a 3-day 
chlorination period in the autumn water, the reason for which is not clear. 
 
4.4.3.2 NOM fractions 
Hydrophobic NOM fractions produced more HAA with the low, background bromide 
concentration as compared to those in the presence of a high bromide concentration, 
except in autumn where no significant changes can be found in the three hydrophobic 
fractions. There was no apparent effect of high concentration of bromide on hydrophilic 
 
 terms of bromine incorporation factor n’, the behaviour of the eight NOM fractions 
iffered with season (Figure 4.10). HPIN and HPIA from the autumn and spring water 
had the highest BIF value suggesting the two NOM fractions were the most amenable 
for bromine incorporation, whereas HPOA had the lowest. However, for the summer 
water bromine incorporation was the least active with the HPIA fraction, which is 
consistent with its relatively high SUVA value, suggesting that HPIA might contain 
significant aromaticity (Table 4.2), as explained earlier. Similarly, much less bromine 
was incorporated with the TPIA fraction of the spring water as compared to the 
fractions of the autumn and summer waters. For water collected in winter, the two 
transphilic fractions had the highest bromin
he SUVA value 
gives a useful indication of relative aromaticity when determining the behaviour of 
e 
 SUVA value (≤ 4 l/mg·m).  
ith regard to the pattern of formation of mono-, di- and tri-HAAs, the concentration of 
bromide had no apparent impact on the distribution of these three HAA subclasses for 
the HPIN fraction collected in autumn, spring and summer. In contrast, for most of the 
NOM fractions (separated from water collected in various seasons) under investigation 
a bromide spike increased the formation of both mono- and tri-HAA over di-HAA. As 
mentioned earlier, HOBr/OBr- are stronger substitution agents than HOCl/OCl-, which 
fractions displaying an aromatic content (e.g. HPIA isolated from summer water). For 
TPIA and hydrophilic fractions displaying little aromatic nature, HAA yield increased
with the presence of the bromide spike.  
 
In
d
e incorporation ratio, while the two polar 
hydrophobic fractions (HPOA and HPOB) had the least. Although t
bromine incorporation, there is no direct correlation between the SUVA value and th
bromine incorporation factor for water with a low to medium
 
W
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can effectively attack the active sites on NOM. The increase in tri-HAA with a bromide 
spike may indicate that brominated tri-HAA can be formed not only from particular tri-
HAA precursors but through di-HAA mediates as well, which is different for 
chlorinated HAA species as DCAA and TCAA were suggested to have different origins 
(Reckhow and Singer, 1985, Reckhow et al., 1990, Liang and Singer, 2003, Nikolaou et 
al., 2004).  
 
With regard to the distribution of HAA sp ies, the impact of bromide with NOM 
he predominant brominated species 
s BCAA for waters collected in all four seasons, 
followed by BDCAA, CDBAA and DBAA. For other NOM fractions BDCAA was the 
dominant brominated HAA species. The formation of BCAA or CDBAA as the second 
most abundant brominated species varied with NOM fraction and also varied seasonally. 
With the presence of a high (spiked) bromide concentration, MBAA was formed from 
all NOM fractions. A greater amount of TBAA was produced by TPIA (except in spring 
water) and the two hydrophilic fractions (HPIA and HPIN) as compared to the other 
NOM fractions, suggesting that TBAA is more likely to be formed from NOM with less 
hydrophobic properties.  
 
ec
fractions was similar to that with the bulk water, with a sharp decrease in chlorinated 
HAAs and an increase in brominated HAAs. T
produced by TPIN and HPIB wa
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Figure 4.7 Bromide incorporation behaviour for bulk water collected in 3 seasons (the 
results from raw water with a bromide correspond to the y axis on the left, and the y 
axis on the right is for the results from raw water without a bromide spike; RWB – raw 
water with Br spike; RW – raw water without Br spike) 
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            (c) 
Figure 4.8 The formation kinetics of di- and tri-HAA with and without bromide spike 
from water collected in (a) autumn; (b) spring; (c) summer 
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Figure 4.9 Impact of bromide concentration on HAA species distribution for bulk water 
(a) without bromide spike; (b) with bromide spike 
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4.4.4 The validity of UV spectroscopy as a surrogate to predict HAA formation   
4.4.4.1 SUVA254  
Since there is only one SUVA254 value corresponding to the NOM of a given sample, 
HAA yields from NOM fractions as well as bulk waters after a 7-day chlorination 
period were plotted against SUVA to investigate the validity of SUVA as a surrogate in 
predicting HAA formation. As can be seen from Figure 4.11(a), the correlation between 
SUVA and HAA formation is poor and would not be satisfactory for predictive 
purposes. In  some previous studies, SUVA has been shown as a good indicator of DBP 
formation for several surface waters (Nguyen et al., 2002, White et al., 2003) and humic 
substances (Reckhow et al., 1990), however, results from other researchers (Weishaar et 
al., 2003, Ates et al., 2007) have revealed different behaviour. Croue et al. (2000b) and 
Kitis et al. (2002) suggested that SUVA is a better indicator for NOM isolates rather 
than for the whole water samples, since for some compounds contributing to the overall 
NOM, such as transphilic acids and other hydrophilic acids, may not be particularly 
UV254 absorbing but are known to be active reactive with chlorine. However, this was 
not entirely the case in this research as is evident from Figure 4.11(b), which shows that 
SUVA is not a robust parameter to predict the HAA yield from NOM fractions (even 
from the same source); however, it was statistically correlate to HAA formation 
(correlation coefficient > 0.8 at significant level of 0.01). With regard to two HAA 
subclasses, SUVA correlates better to tri-HAAs as compared to di-HAAs, confirming 
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the suggestion that tri-HAA precursors are more hydrophobic (Hua and Reckhow, 
as found to have a non-zero x 
tercept (Korshin et al., 1999, Li et al., 2000, Korshin et al., 2002, Roccaro et al., 2008). 
he postulate for the observed phenomenon is that chlorine is firstly incorporated into 
OM in the form of macro-halogenated substances to a point where the ∆A272 reaches a 
threshold value; beyond the threshold the halogenated molecules break down to release 
individual DBP species. With the limited data available, it is difficult to deduce the 
relationship between HAA yield and ∆A272 near the threshold area. The slopes (k) of the 
best-fit correlation lines increased in the order of autumn water > summer water > 
spring water, opposite to the order of their corresponding SUVA value. It should be 
noted that a higher value of k doesn’t mean a higher reactivity of the sample with 
chlorine, but rather indicates that there might be more sites responsible for HAA 
formation other than those that are UV absorbing. This may imply indirectly that non-
aromatic NOM components in waters with lower hydrophobicity are more important 
ost of the individual NOM fractions (there are not enough data for curve fitting 
for some of the NOM fractions), changes of ∆A272 over chlorination time also correlated 
well with HAA formation (R2 > 0.9). As was noted with the bulk water, for a particular 
individual NOM fraction the lower SUVA value it had, the greater the slope of the 
correlation curve would be; thus, a greater HAA formation per unit change of A272.  
 
2007). 
 
4.4.4.2 ∆A272  
The concentration of HAA formed over time from bulk water collected in three 
different seasons as a function of the change in UV absorbance at 272 nm before and 
after chlorination (∆A272) is shown in Figure 4.12, with or without a bromide spike. A 
close linear correlation was found between HAA formation and ∆A272, independent of 
bromide concentration. Unlike the relationship between ∆A272 and total organic halogen 
(TOX) formation (Korshin et al., 1997b, Korshin et al., 1997c, Li et al., 1998, Li et al., 
2000, Korshin et al., 2002), the correlation of HAA-∆A272 is site dependent. In previous 
researches, the fitted line for HAA-∆A272  correlation w
in
T
N
HAA precursors than those in waters with higher hydrophobicity.  
 
For m
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4.4.5 The validity of chlorine demand as a surrogate to predict HAA formation   
HAA formation showed a strong linear correlation (R2 > 0.9) with chlorine consumption 
over time for the bulk water and individual NOM fractions at the two different bromide 
levels. Similar to the relationship of HAA-∆A272, the correlation between HAA 
formation and chlorine consumption is also water quality dependent. Figure 4.13 gives 
the correlation between the chlorine consumption and the HAA yield formed from 
individual NOM fractions after a 7-day chlorination period. As is evident from the 
figure (correlation coefficient = 0.7 at significant level of 0.01), the HAA formation 
form equation as 
 
ontaining organic nitrogen substances exerts a high chlorine demand but may not form 
ore HAA as compared to its hydrophobic counterpart.  
 
 
 
from different individual NOM fractions can not be expressed by a uni
a function of chlorine consumption. For instance, for a NOM fraction such as HPIB
c
m
y = 2.3556x + 0.5031
R2 = 0.6754
0
3
0 1 2
SU
6
9
12
15
18
3 4 5
VA (l/mg m)
Sp
ec
ifi
c 
H
A
A
 y
ie
ld
(u
m
ol
/m
m
ol
 C
)
6
RW_Aut RW_Spr RW_Sum
R2 = 0.7072
R2 = 0.4002
R2 = 0.8059
6
9
12
15
18
0 1 2 3 4 5 6
SUVA (l/mg m)
Sp
ec
ifi
c 
H
A
A
 y
ie
ld
um
ol
/m
m
ol
 C
)
(
3
0
RW_Aut RW_Spr RW_Sum
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Figure 4.11 HAA formation as a function of SUVA254 
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4.5 Conclusions  
• Fractionation results showed that water collected in winter, autumn and spring 
, the 
 
lated to the NOM 
hydrophobicity.  
 In the studied water source, all three generic NOM fractions (hydrophobic, 
transphilic and hydrophilic fractions) were found to be significant HAA precursors, 
A, HPIA and HPIN were the most reactive sub-fractions in terms 
he bromide spike. 
 A slightly higher yield of HAA was found in autumn and spring bulk waters with a 
e consumption cannot be used as a universal indicator for 
HAA formation from NOM with various characteristics. However, for a certain 
, suggesting that they are good indicators of the changes 
occurring during a halogenation process.  
contained more hydrophobic content than water collected in summer. However
SUVA value of summer water was higher than that for winter and autumn water,
indicating that the SUVA value may not be directly re
•
among which HPO
of HAA formation. In addition, the studied water source contained more tri-HAA 
precursors than di-HAA precursors, and particularly this was the case for the two 
hydrophilic fractions, HPIA and HPIN. This suggests that hydrophilic fractions may 
also contain tri-HAA precursors. The ratio of tri-HAA to di-HAA stayed relatively 
constant with or without t
•
bromide spike. Moreover, a higher HAA yield was mostly found with a bromide 
spike for hydrophilic fractions with non-aromatic content. This indicates that the 
presence of bromide in waters with low aromatic and hydrophobic properties may 
promote the halogen incorporation to form HAAs. Since duplications of the 
chlorination tests were conducted in limited samples only, the reported results here 
are indicative only of a general trend of behaviour. The accuracy of the values needs 
further investigation. As a confirmation of previous research, the bromine 
incorporation was found to be more active at the beginning of chlorination.  
• For bulk waters spiked with bromide, the concentrations of brominated HAA 
species were in the order: BDCAA > BCAA > CDBAA > DBAA > TBAA > 
MBAA. For individual NOM fractions, BCAA, BDCAA and CDBAA were the 
most abundant brominated HAA species. The rank of the three depended on the 
precursors, which differed from fraction to fraction and also varied with season. 
• Both SUVA and chlorin
NOM strong correlations were observed in ∆A272 and chlorine consumption with the 
HAA formation over time
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 CHAPTER 5    
VARIATION OF NOM AND HAA FORMATION 
POTENTIAL WITH WATER SOURCE 
 
5.1 Introduction 
Due to the heterogeneous nature of NOM, the water quality of different sources varies 
significantly. NOM is considered to be the primary precursor to DBP formation. It is 
likely that different components within NOM exhibit a different potential for DBP 
formation. Therefore the formation of DBP from different types of NOM is expected to 
vary from source to source.  
 
The drinking water is normally obtained from three broad types of water sources, river 
ater, reservoir water and ground water. Among the three water sources, ground water 
has the least potential in DBP formation as it is relatively low in organic matter. 
However, ground waters may contain significant amounts of inorganic ions, which may 
exert a high chlorine demand. The NOM in the other two water sources can be derived 
through three main pathways: (1) animal and manmade pollutants (Boller, 1993); (2) the 
decomposition from plants containing a large amount of polyhydroxy aromatics 
(Galapate et al., 1997); (3) the metabolic and the decomposition materials from 
microorganisms in water (Fogg, 1996). In waters containing NOM mainly derived from 
the second pathway, the hydrophobic fraction which comprises of a large amount of 
humic substances is the primary HAA precursor (Marhaba and Van, 1999, Chang et al., 
2001). In contrast, in waters classified as autochthonous and are low in humic content, 
both hydrophobic and hydrophilic fractions can be significant HAA precursors (Kim et 
al., 2002, Lee et al., 2003).  
 
In this chapter, the difference between two source waters in terms of NOM properties 
and reactivity is described.    
w
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5.2 Objectives and Approach 
As mentioned previously the object is to investigate the nature of NOM from different 
source waters in terms of HAA precursors and HAA formation. Raw water samples 
were collected from a upland and a lowland water source under spring conditions. The 
upland water can be classified as an allochthonous water source, which contains a large 
portion of humic substances, while the lowland water can be classified as an 
autochthonous water source with a large amount of metabolic products arising from 
water-borne organisms. Similar to the previous study concerned with the impact of 
seasonal variation (Chapter 4), waters under investigation were firstly fractionated and 
then chlorinated. The productivity of each of the isolated fractions from the upland 
water was compared with its counterparts from the lowland water in terms of HAA 
yield. The raw waters were found to contain a small amount of background bromide ion 
(< 0.05 mg/mg C), and so to investigate the effect of elevated bromide concentration on 
HAA yield and speciation, additional bromide was spiked into some of the water 
samples to obtain a concentration of 0.48 mg/L (the selection of this value was 
explained in Section 4.2; it not include the background bromide concentration). 
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5.3 Materials and Methods  
(0.45 µm filter capsule) and analysed 
ual of chlorine (≥ 0.5 mg/L) after a 7-day chlorination period. Bromide 
as purposely spiked into some of the water samples in order to study the impact of 
Collected raw water samples were firstly filtered 
for general water quality parameters, such as pH, DOC and UV254. Part of the bulk 
water (up to 30 L) was then fractionated into 8 fractions using the method described in 
Chapter 3 (section 3.2.3). The DOC of all samples was diluted to 2 mg/L prior to 
chlorination. The chlorine dose was determined based on the highest chlorine demand 
from all 8 fractions as well as the bulk water, which ensured that samples would have a 
substantial resid
w
bromide on HAA formation. For the kinetics study, samples were quenched at different 
times from 6 hours up to 7 days. For some fractions without enough amount of NOM 
material to be used in the kinetic study, only two periods of chlorination were 
considered and these were 1 day and 7 days. Details of the procedures for fractionation, 
chlorination and HAA analysis were described in Chapter 3 (sections 3.2.3, 3.3.2 and 
3.4.3). Due to time limitations associated with the large number of samples, duplication 
of the chlorination tests with individual NOM fractions was applied to only half of the 
samples, and the samples for HAA analysis were all duplicated.  
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5.4 Results and Discussion 
5.4.1 Bulk water profile from different sources 
he water quality of raw waters collected from the upland water and lowland water is 
e upland 
water source has  very high SUVA va ting that th ter is high in 
humic content. The amount of background bromide pr water                  
(3 µg/mg ve the detection  which is much than that in the 
lowland wa
 
position s of the 
distribution of NOM
r proportion of transphilic fraction, while 
 the lowland source had the greatest hydrophilic content. In both 
waters, base fractions accounted for the smallest proportion of the NOM. As evident 
from the SUVA value, the characteristics of each fraction isolated from the same source 
varied with each other, and for a given fraction, the characteristics of the fraction varied 
from source to source. As shown in Table 5.2, HPOA isolated from the upland water 
had a SUVA value three times higher than that isolated from the lowland water. HPIA 
isolated from the upland water was also found to have a humic content reflected from its 
high SUVA value (5.4 l/mg·m), while TPIA isolated from the lowland water appeared 
to contain more humic substances than that from the upland water.  
.3 displays the estimated recovery efficiency of each NOM fraction which 
onfirms the validity of the fractionation procedure. A 3% and 6% gravimetric surplus 
ere found for the lowland and upland waters, respectively, after the fractionation 
s errors varying from 3% to 12% 
have also been reported by other research
2000, Kanokkantapong et al., 2006a). The recovery s in  m ttr
t ead t bein lly cl d bef se o n ble ue t  resin . 
According to the fractionation meth Leen , 198 e DO f the lled r 
leaned. 
owever, this requirement is difficult to achieve due to the detection sensitivity of the 
TOC analyser. The DOC of the eluents from the cleaned resins was measured as         
T
shown in Table 5.1. Due to its allochthonous nature, the water collected from th
 a lue, sugges e source wa
esent in upland 
C) is just abo limit, less 
ter. 
Differences were found in the com
 fractions (Figure 5.1). Among the 3 generic fractions, water 
 of the two water sources in term
collected from the upland source had a highe
water collected from
 
Table 5
c
w
procedures. These errors are considered acceptable, a
ers (Croue et al., 1999, Marhaba and Van, 
surplu  water ay be a ibuted 
o the resin b s no g fu eane ore u r resi eds d o the  age
od ( heer 1), th C o  disti wate
eluted from resins should not exceed 0.02 mg/L after the resins have been c
H
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0.5 mg/L in this study. In addition, the accuracy of DOC measurements may also 
influence the calculated recovery efficiencies.  
 
 
Table 5.1 ted in two different water sources 
 W_UW* RW
Characteristics of raw water collec
R  _LW* 
Collection 007 Ap Time Apr. 2 r. 2008 
DOC (m 8 
V254 (l 3 
254 (l )  5 
r-] (mg 0 0
g/L)   6. 2.1 
U /m)              34. 7.7 
SUVA /mg·m 3.6 
[B /L) 0.02 .048 
* ate  in sp owland  colle g 
 
 
 UW: Upland w r collected ring;  LW: l  water cted in sprin
HPOA
30%
TPIA
10%
TPIN
8%
H
HPOB
5%
HPON
8%
HPIA
15%
18%
   
PIB
6%
HPIN
HPOA
20%
TPIA
14%
TPIN
15%
HPIB
5%
HPOB
7%
HPON
14%
14%
HPIN
11%
 
                                     (a)                                                                                (b) 
Figure 5.1 DOC distribution of the water collected from (a) lowland; (b) upland water 
source 
 
 
Table 5.2 Specific UV absorbance of NOM fractions 
SUVA254 (l/mg·m) 
HPIA
 
HPOA HPON HPOB TPIA TPIN HPIA HPIN HPIB 
RW_LW* 4.7 1.6 2.4 5.7 1.4 2.3 3.4 2.5 
RW_UW* 13.0 1.6 1.9 3.1 1.8 5.4 2.1 1.9 
* UW: Upland water collected in spring;  LW: lowland water collected in spring 
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Table 5.3 DOC recovery efficiency after fractionation 
RW_LW* RW_UW* 
Mass DOC recovery Mass DOC recovery 
Fraction 
Recovery 
(mg) 
efficiency 
 (%) 
Recovery 
(mg) 
efficiency  
(%) 
Hydrophobic 
         Acid 
         Neutral 
         Base 
Transphilic 
         Acid 
         Neutral 
Hydrophilic 
         Acid 
         Neutral 
         Base 
22.9 
       16.1 
         4.3 
         2.5 
9.7 
         5.2 
         4.5 
20.5 
         8.1 
         9.3 
         3.1 
44.50 
       31.40 
         8.30 
         4.80 
18.80 
       10.05 
         8.75 
40.00 
       15.84 
       18.15 
         6.01 
38.0 
18.3 
13.2 
6.5 
26.7 
13.0 
13.7 
28.6 
13.3 
10.7 
4.6 
43.53 
       20.95 
       15.11 
         7.47 
30.57 
       14.90 
       15.67 
32.64      
       15.21 
       12.19 
         5.24 
Total 53.1 103.30 93.3 106.74 
* UW: Upland water collected in spring;  LW: lowland water collected in spring 
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5.4.2 HAA formation kinetics, speciation and reactivity profile of NOM 
5.4.2.1 Bulk water 
A rapid formation of THAA was observed in the first 24 hrs for both waters (Figure 
.2(a)), expressed as specific THAA formation with respect to DOC (µmol/mmol C). 
d to increase steadily beyond 24 hours, 
and the THAA formation after 7 days was about 1.8 times higher than that after a 24 hrs 
     
eas the ratio of tri-HAA to di-HAA formed 
5
The THAA produced by upland water continue
chlorination period. It should be noted that the two waters had different chlorine 
demands, and therefore different dosages of chlorine were used in samples of the two 
waters. As can be seen later in Chapter 8, the chlorine demand as well as chlorine dose 
are crucial determinants in total HAA yield. Thus, another way to compare the 
reactivity of the two waters is to normalise the THAA yield as THAA formation per 
unit chlorine consumed (µmol/mmol Cl). On this basis it can be seen from Figure 5.2(b) 
that the water collected from the upland and lowland water sources had a similar THAA 
formation potential for a chlorination period of up to 16 hrs. However, a greater THAA 
formation was produced by upland water as compared to the lowland water at longer 
chlorination times. An explanation for this may be that the NOM from the upland water 
had more complicated chemical structures, which required extra time for chlorine to 
carry out cleavage and further substitution reactions to form HAA. If so, this implies 
that for a certain chlorine dose level reducing the reaction time can be an effective way 
to control the HAA formation for waters containing high humic substances. 
 
The formation of tri-HAA was much greater than di-HAA in upland water with a  
tri-HAA to di-HAA ratio of 2.8 after 7 days, while the ratio of tri-HAA to di-HAA was 
1.4 after a 7-day chlorination period observed in the lowland water. In the lowland 
water source, the formation rate of di-HAA was found to be greater than that of tri-HAA 
after a chlorination period of 10 hrs, wher
from the upland water was fairly stable over time. Due to the low background bromide 
concentration ([Br-]/DOC = 0.003 mg/mg C), the predominant HAA species from the 
upland water were two chlorinated species, DCAA and TCAA, while only two bromine 
incorporated HAA species, BDCAA and CDBAA, were observed though in a very low 
concentrations. The formation of BDCAA increased with the chlorination time, 
reaching a specific yield of 0.25 µmol/mmol C after 7 days, while the specific yield of 
CDBAA decreased with chlorination time, which may be attributed to the unstable 
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nature of the species. Compared to the lowland water, MCAA formation from upland 
water was about 8% of the total HAA yield in the first 24 hrs; however, MCAA yield 
dropped by up to 70% after a 7-day chlorination period, which implies that higher 
alogenated HAA species may be formed from the mono-HAA precursors. 
 contents with 
romatic structures, corresponded to those with a high THAA formation. 
For the individual NOM fractions, different sources displayed not only differences in 
total HAA formation but in HAA species distribution as well. Mono-HAA was formed 
by all fractions separated from the upland water, and the amount formed from HPOB, 
HPON, TPIA and TPIN accounted for 30% - 60% of the total HAA formation. In 
contrast, the formation of mono-HAA was only observed from the HPOA, HPON, 
TPIA and TPIN fractions from the lowland water. For both water sources, HPOA, TPIA, 
HPIA and HPIN were found to contain more significant tri-HAA precursors than        
h
 
5.4.2.2 NOM fractions 
The three generic fractions (hydrophobic, transphilic and hydrophilic) played nearly an 
equal role in HAA formation from the lowland water, while HAA yield produced by the 
hydrophobic fraction isolated from upland water accounted for more than 60% of the 
total HAA yield. In lowland water, HPOA and HPIN were the most reactive fractions in 
terms of HAA formation, followed by TPIA. The three fractions had similar HAA 
formation kinetics, which were slightly higher than HPIA (Figure 5.3(a)). For upland 
water, HPOA fraction appeared to contain the most HAA precursors, whereby the HAA 
yield was 4 times higher than that from HPIA, the second most abundant HAA 
precursor (Figure 5.3(b)). On the basis of yield per unit chlorine consumed  
(µmol/mmol Cl), HPOA, TPIA, TPIN and HPIA from the upland water had the highest 
formation of THAA (Figure 5.4). Similar results were observed in the fractions isolated 
from the lowland water, except TPIN which had a much lower HAA formation to 
chlorine consumption ratio. This appears to indicate that TPIN from lowland water 
contained compounds that have a high chlorine demand but a low DBP formation 
potential. Apart from two neutral fractions, HPON and HPIN, the normalised HAA 
yield to chlorine consumption from fractions separated from upland water was higher 
than their counterparts isolated from the lowland water.  It is worth noting that the 
fractions that have high SUVA values, which are suggested as having
a
 
 112
Chapter 5                            Variation of NOM and HAA Formation Potential with Water Source      
di-HAA precursors. Equal amounts of di- and tri-HAA were produced by the remaining 
fractions isolated from the upland water. For TPIN and HPIB from the lowland water, 
the formation of di-HAAs represented more than 60% of the total HAA formation. 
 
5.4.2.3 Implications of reactivity profile of NOM fractions relating to bulk water 
Figure 5.5 displays the contribution of each fraction to the THAA formation. For both 
waters, the transphilic fraction had the least THAA formation as compared to the other 
 the small proportion within the NOM. HAAs produced by 
tal 
 of 
e total HAA formation. The hydrophilic fraction from the lowland water was as 
portant an HAA contributor as the hydrophobic fraction, whereas only 7% of the 
HAA yield was contributed by the hydrophilic fraction from the upland water. These 
results suggest that the hydrophobic fraction is the dominant HAA contributor in waters 
with a high SUVA value (≥ 4 l/mg·m), while both hydrophobic and hydrophilic 
fractions can be significant HAA precursors in waters with low to medium SUVA value 
(2 ≤ SUVA < 4 l/mg·m). The potential interaction among fractions was investigated in 
the two bulk waters by comparing the THAA yield of the bulk water samples with the 
sum of the yields from the individual fractions; such interactions might be synergistic or 
antagonistic in terms of THAA formation. As is evident from Figure 5.5, there were no 
 
e 
ynergism may exist between fractions when together in the bulk water.  
two generic fractions due to
the hydrophobic fraction isolated from the lowland water accounted for 47% of to
HAA formation, while the hydrophobic fraction from upland water contributed 75%
th
im
obvious interactions among the isolated fractions found in the lowland water. In contrast, 
the numerical sum of THAA formation from the fractions isolated from the upland
ater was 20% less than the HAA formation from the bulk water, suggesting that somw
s
 
 
 113
Chapter 5                            Variation of NOM and HAA Formation Potential with Water Source      
0
5
10
15
20
25
0 24 48 72 96 120 144 168
Time (h)
Sp
ec
ifi
c 
H
A
A
 y
ie
ld
 
(u
m
ol
/m
m
ol
 C
)
RW_LW RW_UW
RWB_LW RWB_UW
0
10
20
30
40
50
0 24 48 72 96 120 144 168
Time (h)
Sp
ec
ifi
c 
H
A
A
 y
ie
ld
 /C
hl
or
in
e 
co
ns
um
pt
io
n
(u
m
ol
/m
m
ol
 C
l)
RW_LW RW_UW
RWB_LW RWB_UW
 
                                       (a)                                                                                   (b) 
Figure 5.2 HAA formation kinetics expressed as (a) per unit carbon, and (b) per unit 
 chlorine consumption, from the upland and lowland water sources (RW: raw water
without bromide spike; RWB: raw water with bromide spike)  
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                                            (a)                                                                                   (b) 
Figure 5.3 Specific THAA formation during chlorination of individual NOM fractions 
separated from water collected from (a) lowland water source; (b) upland water source 
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Figure 5.4 The effectiveness of chlorine usage in HAA formation from raw water 
samples and individual NOM fractions separated from the two water sources (results 
displayed as bar chart correspond to the y axis on the left, and the values displayed as 
data points correspond to the y axis on the right) 
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Figure 5.5 Potential interactions between NOM fractions (*Sum = p1 · HAAHPO + 
p2 · HAATPI + p3 · HAAHPI; where p1, p2 and p3 are the corresponding proportions of 
individual NOM fractions) 
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5.4.3 Effect of bromide on HAA speciation and reactivity profile 
r the lowland water 
ith a bromide spike. However, slight increase in HAA yield resulting from the 
 spiked bromide 
oncentration, there was a substantial increase in the higher bromine-incorporated HAA 
5.4.3.1 Bulk water 
The samples collected from the two different water sources responded differently with a 
bromide spike (0.48 mg/L). As can be seen from Figure 5.2(a), an average of 12% 
increase in total HAA yield during chlorination was observed fo
w
increase in bromide concentration was only found with a chlorination time of 16 hrs in 
upland water, after which the yield decreased with longer chlorination times.  
 
The bromine incorporation factor (n’) for the two water sources are displayed in Figure 
5.6, where n’ decreased with the increasing chlorination time. In the presence of a 
bromide spike, more than 1 mol of bromide ion was incorporated into each mol of 
THAA formed for water collected from the lowland water, while only 0.4 mol of 
bromide ion was incorporated into 1 mol of THAA formed from the upland water, 
indicating that the HAA precursors from the upland water did not support the 
incorporation of bromide to the same extent. This was shown by the HAA species 
distribution plotted in Figure 5.7, where in the presence of the
c
species together with a marked decrease in chlorinated HAA species. The impact of 
bromide concentration on HAA speciation was more significant in the lowland water 
where DCAA and TCAA decreased by 54% and 75% respectively, in the presence of a 
bromide spike, while the corresponding values for the upland water were 32% and 50%. 
Without a bromide spike, three chlorinated HAA species as well as BDCAA and 
CDBAA (in a very low concentration which can be hardly distinguished from the graph) 
were formed from the upland water, whereas DCAA, TCAA, BCAA, BDCAA and a 
small amount of CDBAA were found in the lowland water. At the high bromide 
concentration level, all six bromine incorporated HAA species were formed from the 
lowland water, in which BDCAA and CDBAA were in the highest concentration. No 
MCAA was produced by the lowland water under the conditions with or without a 
bromide spike. In the upland water, BDCAA and BCAA were the prominent 
brominated HAA species, but no MBAA was formed from this source water.  
 
 116
Chapter 5                            Variation of NOM and HAA Formation Potential with Water Source      
5.4.3.2 NOM fractions 
Specific total HAA yield produced by the hydrophobic NOM fractions from both water 
ources were slightly reduced with a bromide spike, while the specific THAA yield 
matic nature. Surprisingly, TPIN isolated from the upland water 
ad the second lowest value of n’, for reasons of which are not clear.  
tio 
s will be seen in Chapter 8, the increase in the proportion of mono and tri-HAA 
compared to di-HAA with the increasing bromide concentration intensifies when a 
greater amount of chlorine is dosed. The explanations for the increase in the two HAA 
subgroups are different. Bromine is known as a stronger substitution halogen than 
chlorine, and therefore MBAA can be rapidly formed in water containing mono-HAA 
precursors even when the bromide concentration is very low, resulting in the accretion 
in the mono-HAA proportion with the increasing bromide concentration. Considering 
the fast kinetics of bromine, the increase in the proportion of tri-HAA with a bromide 
t the intermediates with incorporated bromine may promote 
as well. With regard to the impact of 
romide concentration, discrepancies were found with HPOA and HPIA from the 
s
from TPIA and hydrophilic fractions increased in the presence of the bromide spike 
(Figure 5.8). In addition, a slightly greater specific THAA from TPIN was observed at a 
low bromide level than at the high bromide level (bromide spike).  
 
In terms of bromine incorporation factor, n’, the behaviour of the eight NOM fractions 
varied from source to source (Figure 5.9). Among all 8 fractions, HPOA had the lowest 
value of n’. For lowland water, the fractions that had a high value of n’ were those with 
a low SUVA value, among which HPIA, HPIN and HPOB were the most amenable for 
bromine incorporation. This is consistent with the suggestion that bromine is more 
effectively incorporated into low UV-absorbing, low molecular weight and hydrophilic 
fractions (Kitis et al., 2002). For the upland water, the greatest amount of bromine 
incorporation corresponded to the TPIA, HPIN and HPIB fractions. A slightly lower 
value of n’ was found with HPIA as compared to the three above mentioned fractions, 
possibly due to its aro
h
 
Similar to the previous finding (in Chapter 4), for most of the NOM fractions the ra
of both mono- and tri-HAAs with respect to di-HAAs, increased with a bromide spike. 
A
spike may indicate tha
further halogen incorporation, where the reaction may proceed not only from particular 
tri-HAA precursors but through di-HAA mediates 
b
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upland water, where the proportion of di-HAA slightly increased with the decrease in 
the proportion of tri-HAA when a higher concentration of bromide was spiked.  
 
The impact of bromide concentration with NOM fractions was similar to that with the 
bulk water with regard to HAA speciation. In both water sources, DCAA and TCAA 
decreased sharply with a bromide spike, whereas there was less impact on the formation 
of MCAA with the increase in bromide concentration. TPIN and HPIB separated from 
the lowland water had the highest formation of BCAA among all other brominated 
 the 
 lowland water 
nd NOM fractions from the upland water. The formation of BCAA or CDBAA as the 
econd most abundant brominated species varied with NOM fraction and water source, 
which was generally consistent with the bromine incorporation factor. A greater amount 
of TBAA was produced by the two hydrophilic fractions (HPIA and HPIN) from the 
lowland water as compared to the other NOM fractions, followed by HPIB. TBAA was 
also found from the three hydrophilic NOM fractions from upland water, but at a much 
lower concentration.  
 
 
HAA species, followed by BDCAA, CDBAA and DBAA; whereas BDCAA was
dominant brominated HAA species for other NOM fractions from the
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Figure 5.6 Variation of bromide incorporation factor with chlorination time for bulk 
water collected from two water sources, with or without a bromide spike 
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Impact of bromide concentration on specific HAA yield with individual Figure 5.8 
NOM fractions from (a) lowland water source; (b) upland water source 
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Figure 5.9 Bromine incorporation factor for NOM fractions isolated from two water 
sources 
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5.4.4 The validity of specific UV absorbance as a surrogate to predict HAA 
rmation   
5.4.4.1 SUVA254 
To study the relationship between SUVA and NOM reactivity, HAA yields from NOM 
fractions as well as bulk waters after a 7-day chlorination period were plotted against 
the corresponding SUVA values (Figure 5.10). The SUVA values of individual NOM 
fractions and bulk water from the upland water source showed a good correlation to the 
HAA formation (specific yield), while the correlation for the lowland water was less 
strong. Controversial results have been reported previously as to whether the SUVA 
value can be used as a good indicator of HAA formation. The main explanation is 
rials the changes 
P 
formation (such as aromatic structures), while other materials may have a high potential 
for DBP formation but may not be UV254 absorbing. The close correlation between 
SUVA and HAA formation found with all the fractions from the upland water suggests 
that their structures contain sites which are both UV254 sensitive and also primary targets 
for chlorine attack; these may include aromatic structures or aromatic sites substituted 
with oxygen- and nitrogen-containing functional groups (Reckhow and Singer, 1990).   
 
5.4.4.2 ∆A272 
A close linear correlation was found between HAA formation over time and ∆A272 (R2 
> 0.9), which appeared to be independent of bromide concentration (Figure 5.11). As 
discussed in the previous chapter, the correlation of HAA-∆A272 is also site dependent. 
The slope (k) of the best-fit correlation line of the upland water was greater than that of 
the lowland water, which is not consistent with the findings shown in the study of 
seasonal variation, where the highest value of k was observed in the water having the 
lowest SUVA value. This difference in behaviour is difficult to explain but may relate 
to the nature of the precursor structure. However, changes of ∆A272 over chlorination 
time were shown to correlate well with HAA formation for individual HAA fractions.  
 
fo
believed to be the difference in NOM properties, where for some mate
in SUVA value are directly associated with the destruction in structure and further DB
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5.4.5 The validity of chlorine demand as a surrogate to predict HAA formation 
Chlorine consumption over time for the bulk water and individual NOM fractions were 
o
sou
form
diff
frac
HA
NO
 
 
str ngly correlated to the HAA formation (R2 > 0.9), as demonstrated by both water 
rces. Similar to the relationship of HAA-∆A272, the correlation between HAA 
ation and chlorine consumption was also source dependent. For NOM with 
erent characteristics, as evident in the HAA formation capacity from different NOM 
tions discussed previously, no correlation exists between chlorine consumption and 
A formation. This can be further confirmed by Figure 5.4, where some individual 
M fractions exerted a high chlorine demand but had low HAA formation potentials. 
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Fi ure 5.11 The variation of HAA formation from bulk waters (over time) with ∆A272 
er the conditions (a) without bromide spike; (b) with bromide spike 
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5.5
• ation showed that water collected from the upland 
source contained more transphilic content than water collected from the lowland 
source, while the lowland source water comprised more hydrophilic content than the 
upland source water. Although the water sources contained similar proportions of 
the hydrophobic fraction, the SUVA value of the upland water was much higher 
than that of the lowland water, which was mostly attributed to the high humic 
content contained in the HPOA. This suggests that geographical differences not only 
cause differences in the distribution of individual NOM fractions, but variations in 
the properties of certain NOM fractions.  
• For the lowland water source, all three generic NOM fractions (hydrophobic, 
transphilic and hydrophilic fractions) were found to be significant HAA precursors; 
however, for the upland water more than 70% of the total HAA formation was 
contributed by the HPOA fraction, which implies that the hydrophobic fraction is a 
prominent HAA precursor for waters having high SUVA value (> 4 l/mg·m). 
• The presence of spiked bromide caused an increase in the total yield of HAA from 
the lowland water, but a decrease in the total HAA yield from the upland water. A 
higher HAA yield was found with the bromide spike for hydrophilic fractions and 
TPIA, while the HAA formation was lower for the hydrophobic fractions. This 
suggests that the presence of bromide in waters with low aromatic and hydrophobic 
properties may promote the halogen incorporation to form HAAs. Since the 
duplication of the chlorination tests was conducted only in limited samples, the 
reported results here are only indicative of a general trend of behaviour. The 
accuracy of the values needs further investigation.  
• With regard to HAA speciation, both water sources contained more tri-HAA 
precursors than di-HAA precursors. A greater amount of MCAA was produced by 
the bulk water and several NOM fractions of the upland water than the lowland 
water, suggesting that factors such as precursor, chlorine dose and initial bromide 
concentration may all play an important role in MCAA formation. In general, the 
dominant brominated HAA species from bulk waters and individual fractions 
depend on the nature of NOM.  
• A good correlation was found between the SUVA value and the HAA formation 
with the upland water source, suggesting that the SUVA value may be a good 
 Conclusions 
The results of the NOM fraction
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indicator of HAA formation for water having a substantial aromatic nature. 
 a low aromatic content, the SUVA value is not directly 
associated with the HAA yield. 
However, for water with
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 CHAPTER 6    
EFFECTIVENESS OF TREATMENT IN TERMS OF 
dividual treatment processes vary in their performance in the removal of different 
on-polar and large molecular weight (MW) NOM 
fractions are preferentially removed by coagulation over polar and small MW NOM; 
HAA FORMATION 
 
6.1 Introduction 
The intensive studies of the characteristics of NOM and HAA formation from raw water 
are described in the previous chapters. It is clear that both chlorine demand and total 
HAA yield varied temporally and spatially with the source, mainly attributed to the 
characteristics of the water constituents. Water treatment processes are designed to 
remove different kinds of physical and chemical constituents, during which both the 
water quality and the characteristics of the NOM are changed. Therefore, some NOM 
components which have been shown to have a high reactivity with chlorine in terms of 
DBP formation in raw water, may be removed during the treatment process. A common 
aim in the design, or modification, of water treatment processes is to achieve the 
maximum removal of DBP precursors, and thus control the DBP formation.  
 
In
NOM components; for instance, n
thus different types of NOM can be removed at various points within both conventional 
and advanced treatment processes. In a study carried out by Sohn et al. (2007), around 
50% of the NOM in raw water was removed after being treated through the treatment 
processes which included coagulation, sand-filtration, ozonation and BAC (biological 
activated carbon) filtration. Conventional treatment processes were shown to play an 
important role in the removal of hydrophobic fractions, while advanced treatment 
processes are more effective in the removal of hydrophilic fractions (Kim and Yu, 2005, 
Sohn et al., 2007). In addition, the efficiency in removing substances containing 
chromophores in NOM, which are suggested to be the primary DBP active sites, also
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varied with different treatment processes. Changes in NOM properties through physical 
treatment processes are relatively smaller than that through chemical treatment 
processes. All of the above mentioned factors determine the amount and types of the 
residual NOM and thus the final production of DBP species.  
 
In this chapter, the impact of a series of treatment processes on the final water quality 
and the formation of HAA is described.  
 
6.2 Objectives and Approach 
The overall objective of the work was to investigate the effectiveness of water treatment 
on water quality and HAA formation control. Since both physical and chemical 
approaches are involved in the treatment, the changes in total yield of HAA may result 
from the removal of HAA precursors or from changes in the NOM characteristics. A 
specific objective was to assess the reactivity of NOM components before and after 
treatment in terms of HAA formation and speciation. Using a similar approach to the 
previous studies, the NOM extracted from the treated water was separated into 8 
actions, and chlorinated under uniform conditions. To investigate the effect of 
levated bromide concentration on HAA yield and speciation additional bromide was 
piked into some of the water samples at a concentration of 0.48 mg/L (the value does 
not include the background bromide concentration). 
 
6.3 Materials and Methods  
In this study, the treated water samples were collected at the same time as the raw water 
samples from the water utility supplied by the lowland river water (the raw water used 
ent scheme 
used by the water utility comprises both conventional and advanced treatment processes. 
Following a series of conventional treatment stages, namely coagulation, flocculation, 
sedimentation and filtration, and then GAC (granulated activated carbon) adsorption, 
the treated water is chlorinated and finally pumped into the distribution system (Figure 
6.1). Treated water samples were taken just before the chlorination point under normal 
operating conditions. Collected raw water and treated water samples were firstly filtered 
fr
e
s
in this comparison was the autumn water discussed in Chapter 4). The treatm
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(0.45 µm filter capsule) and then analysed for water quality parameters, such as pH, 
DOC and UV254. For treated water samples, residual chlorine and HAA yield were also 
is sometimes applied at the 
n period. Bromide was purposely spiked into some of the water samples 
.48 mg/L, in addition to the background bromide concentration) in order to study the 
checked before any further studies, since pre-chlorination 
point before coagulation in this treatment plant under specific conditions. Part of the 
bulk water was then used for NOM characterisation by separation into 8 fractions using 
the method described in Chapter 3 (section 3.2.3). The DOC of all samples was diluted 
to 2 mg/L prior to chlorination. The chlorine dose was determined based on the highest 
chlorine demand from all 8 fractions as well as the bulk water, which ensured that 
samples would have a substantial residual of chlorine (≥ 0.5 mg/L) after a 7-day 
chlorinatio
(0
impact of bromide on HAA formation. For the kinetics study, samples were quenched at 
different times from 6 hours up to 7 days. Details of the procedures for fractionation, 
chlorination and HAA analysis were described in Chapter 3 (sections 3.2.3, 3.3.2 and 
3.4.3). Due to time limitations associated with the large number of samples, duplication 
of the chlorination tests with individual NOM fractions was applied to only half of the 
samples, and the samples for HAA analysis were all duplicated.  
 
 
 
Raw Water 
Reservoir
Coagulation/
Flash Mix
Flocculation/
Clarification
Sand 
Filtration
GACTreated Water Distribution System Reservoir
Cl2
 
Figure 6.1 A schematic of the treatment process for the lowland water 
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6.4 Results and Discussion 
6.4.1 Bu f raw water and treated water 
Table 6.1 displays the characteristics of the raw water and water after treatment (prior to 
chlorination). W m the treatment, 
the SUVA v
atic content (initial SUVA value g·m). A similar am ide 
pared to the raw water, indicating that the 
ent processes used in the selected water utility were not effective in bromide 
oval.  
sses was effective in removing different types of 
ponents to varying degrees. As can be seen from Figure 6.2, the DOC 
concentration of all three generic NOM fractions was largely reduced after treatment, 
among which the changes in HPOA, TPIN and HPIB were the most prominent. Owing 
to the varying removal of each fraction during treatment, the distribution of individual 
NOM fractions changed after the treatment (Figure 6.3). The hydrophobic, transphilic 
and hydrophilic fractions isolated from the treated water accounted for 27%, 24% and 
49% of total NOM respectively, as compared to the corresponding values of 40%, 25% 
and 35% for the three fractions isolated from the raw water. The treatment appeared to 
change the properties of the NOM fractions as well. Table 6.2 shows the SUVA value 
of individual NOM fractions before and after treatment. A slight decrease in SUVA 
 while the SUVA 
 
stimated in order to validate the 
fractionation procedure. A 12% and 6% m
water and tre te ct te on ab , the errors of which 
are tab
 
lk water profile o
hile a 64% reduction in DOC overall was observed fro
alue did not change substantially as the raw water under 
of 2.7 l/m
investigation had a 
ount of bromlow arom
ion was present in the treated water as com
treatm
rem
 
The combination of the treatment proce
NOM com
values was observed for HPOA and the three hydrophilic fractions,
value was found to increase for the other NOM fractions, as a consequence of treatment. 
 
The recovery efficiency of each NOM fraction was e
ass surplus overall was found for the raw 
ated wa r, respe ively, af r fracti ation (T le 6.3)
 considered accep le.  
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Table 6.1 Characteristics of raw water and treated water 
 RW* * TW
Collection Tim  Oe Oct. 2007 ct. 2007 
DOC (mg/L 1
UV254 (l/m) 2.3 
54 (l ) 2.7 
r-] (mg 9 
) 3.0 .1 
7.9 
SUVA2 /mg·m 2.1 
[B /L) 0.06 0.044 
* r; TW water rination 
 
 
RW: raw wate : treated  before chlo
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Figure 6.2 The effect of treatment in terms of DOC removal (RW: raw water;  
TW: treated water before chlorination) 
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                                    (a)                                                                                (b) 
Figure 6.3 Distribution of NOM fractions (as DOC) of the water collected from (a) raw 
water source; (b) treated water source 
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Table 6.2 Specific UV absorbance of NOM fractions 
SUVA254 (l/mg·m) 
 
HPOA HPON HPOB TPIA TPIN HPIA HPIN HPIB 
RW* 3.2 1.3 1.7 1.4 0.5 2.0 3.5 1 
TW* 3.1 2.3 2.0 1.6 1.1 1.6 2.6 0.8 
*RW: raw water;  TW: treated water before chlorination 
 
 
Table 6.3 DOC recovery efficiency after fractionation 
RW* TW* 
Fraction 
Mass 
Recovery 
(mg) 
DOC recovery 
efficiency  
(%) 
Mass 
Recovery 
(mg) 
DOC recovery 
efficiency  
(%) 
Hydrophobic 
         Acid 
         Neutral 
         Base 
19.8 
       14.5 
         2.7 
         2.6 
44.93 
       32.81 
         6.23 
         5.89 
9.7 
5.2 
2.2 
27.51 
       14.53 
         6.00 
Transphilic 12.1 27.53 
2.5 
9.7 
         6.98 
26.90 
         Acid 
         Neutral 
Hydrophilic 
         Acid 
         Neutral 
         Base 
         4.9 
         7.2 
17.7 
         3.7 
         7.4 
         6.6 
       11.15 
       16.38 
40.10 
         8.36 
         6.88 
       14.86       
          7.2 
2.5  
18.7 
          2.5 
13.6 
2.6 
       20.02 
         6.88 
52.22     
         7.00 
       38.00 
         7.22 
Total 49.6 112.56 38.1 106.63 
*RW: raw water; TW: treated water before chlorination 
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6.4.2 HAA formation kinetics, speciation and reactivity profile of NOM 
6.4.2.1 Bulk water 
Figure 6.4 displays the kinetics of specific THAA formation from the raw and treated 
water over time. The raw water showed a higher reactivity with chlorine than the treated 
water in terms of specific THAA yield, which may reflect the changes in NOM 
haracteristics as a consequence of treatment (Figure 6.4(a)). The treated water had a 
 kinetics in the first 24 hrs than the raw water, which may be 
ation duration of 
ference may be attributed to the following two reasons: (1) the 
produced by raw water than that produced by the treated water, even though the treated 
c
faster THAA formation
attributed to the presence of a higher concentration of bromide (approximately twice 
that in the raw water) and that bromine is a stronger substitution agent than chlorine; 
however, the THAA formation rate for the treated water decreased over a longer 
chlorination time. A 70% reduction in total THAA formation was reported after 
treatment, when both precursor removal and the reduction in reactivity were taken into 
consideration (Figure 6.5). In addition, the normalised THAA formation with respect to 
the chlorine consumption for the treated water was found to be lower than that for the 
raw water (Figure 6.4(b)), indicating that the treatment preferentially removed more 
HAA precursors over other chlorine reaction substrates.  
 
The water treatment process that was the basis of this study mainly affected the removal 
of tri-HAA precursors. A tri- to di-HAA molar ratio of 1.7 was found in raw water after 
a chlorination period of 7 days, while nearly equal amounts of di- and tri-HAA were 
formed in treated water. With regard to the distribution of individual HAA species, the 
proportion of chlorinated HAA species from raw water was similar to that from treated 
water despite of the difference in bromide concentration, with 72% for the former and 
68% for the latter. TCAA was the dominant HAA species found in raw water, whereas 
the highest specific yield from treated water was DCAA after a chlorin
7 days. The observed dif
treatment effectively removed more tri-HAA precursors than di-HAA precursors; (2) 
the higher bromide concentration present in the treated water (arising from the dilution 
of samples to the same DOC concentration) caused a dramatic decrease in TCAA yield, 
as the formation of TCAA is more sensitive to bromide concentration than the 
formation of DCAA (as evident from the results in Chapter 4 and 5). No MCAA was 
detected either in raw water or treated water. A slightly greater amount of TBAA was 
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water had a higher Br- to DOC ratio. This may imply that the nature of the precursor is a 
more important factor than operational parameters (such as Br- to DOC ratio, Br- to 
hlorine dose ratio, etc.) in determining the formation of TBAA. Apart from the two 
 HAA 
ly that the UV absorbing 
OM in the above mentioned fractions are dominant HAA precursors, which cannot be 
ffectively removed by water treatment process. The changes in the composition within 
ach NOM fraction after treatment also altered the chlorine incorporation behaviour. On 
a per unit chlorine consumption basis, less THAA were formed from HPOA and the 
three hydrophilic fractions after treatment, while more THAA were formed from the 
other NOM fractions. These findings suggest that the selected water treatment processes 
tend to remove a greater proportion of HAA precursors from HPOA and the three 
hydrophilic fractions, while they tend to remove compounds exerting high chlorine 
consumption but low HAA yield in the other NOM fractions. 
 
In terms of the distribution of the three HAA subgroups, there were not many changes 
atic increase in 
ntional 
 
re the primary constituents of tri-HAA precursors. One explanation is that the polar or 
non-humic compounds in HPOA are tri-HAA precursors. In addition, more di-HAA 
c
chlorinated HAA species (DCAA and TCAA), the distribution of other detectable
species was identical for both raw and treated water, which can be ranked in magnitude 
as follows: BDCAA > BCAA > CDBAA > DBAA. 
 
6.4.2.2 NOM fractions 
The HAA precursors were removed from all NOM fractions by the various treatment 
processes to a different extent, as evident from Figure 6.5. The treatment processes were 
most effective with HPOA in terms of the reduction in THAA formation, followed by 
TPIN and the three hydrophilic fractions. Further information on the effect of treatment 
with regard to the reactivity of NOM with chlorine is provided in Figure 6.6. After 
treatment, the reactivity of HPOA as well as the three hydrophilic fractions was reduced, 
whereas the reactivity of the other NOM fractions appeared to be enhanced. It is noticed 
that the fractions found to have an increase in reactivity after treatment were also those 
that demonstrated an increase in SUVA value. This may imp
N
e
e
as a result of treatment for most of the NOM fractions. However, a dram
the proportion of tri-HAA was observed with HPOA. This is unusual, as conve
treatment is believed to preferentially remove substances with aromatic content, which
a
 131
Chapter 6                                                 Effectiveness of Treatment in terms of HAA Formation       
was formed compared to tri-HAA from HPIN after treatment, while slight increases in 
tri-HAA were observed with TPIN and HPIB.  
 
6.4.2.3 Implications on reactivity profile of NOM fractions relating to bulk water 
Figure 6.7 displays the contribution of the three generic NOM fractions to THAA 
formation. It can be seen that water treatment processes had a positive effect on 
reducing THAA formation from the hydrophobic and hydrophilic fractions, while it had 
a negative effect on the transphilic fraction. The effect of treatment on THAA formation 
M characteristics are partially caused by removing NOM 
omponents, it is hard to estimate the individual effect of either factor or determine 
which one plays a more important role. However, it is clear that the change in THAA 
formation as a result of treatment varies from source to source. Interaction among 
fractions was observed in both raw and treated waters. In the raw water, the numerical 
 THAA 
ater, 
is mainly that of removing NOM components and altering the characteristics of NOM. 
Since the changes in NO
c
sum of THAA formation from isolated NOM fractions was 25% less than the
formation from the bulk water, while the difference was 30% in the treated w
uggesting that some synergism may exist between fractions.  s
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Figure 6.4 HAA formation kinetics expressed as (a) per unit carbon; (b) per unit 
chlorine consumption for raw water and tre
s
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Figure 6.5 The effect of treatment in terms of the THAA reduction in bulk water and 
individual NOM fractions 
 
 
 
 
16
20
ie
ld
0
4
RW HPOA HPON HPOB TPIA TPIN HPIA HPIN HPIB
S
8ec
ifi
c
12
p
 H
A
A
 y
(u
m
ol
/m
m
ol
 C
10
15
A
 yield/C
hlorine cons
)
20
25
H
A
RW TW
RW TW
0
5
um
ption
(um
ol/m
m
ol C
l)
 
Figure 6.6 The specific THAA yield  from the bulk water and individual NOM 
fractions, with respect to DOC (results displayed as bar chart, values on left hand y-
axis), and chlorine consumption (data points, values on the right hand y-axis) 
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Figure 6.7 Potential interactions between NOM fractions in THAA yield (*Sum = 
p1 · HAAHPO + p2 · HAATPI + p3 · HAAHPI; where p1, p2 and p3 are the respective 
proportions of individual NOM fractions) 
 
 
6.4.3 Effect of bromide on HAA speciation and reactivity profile 
6.4.3.1 Bulk water 
The specific THAA yield for both waters increased with the presence of a bromide 
 for the raw water. With a bromide spike, 
 the raw 
alue of the bromine incorporation factor (n’) for the treated water was very 
ilar to that for the raw water throughout the chlorination period.  
 
With regard to the HAA speciation, a slight increase in the proportion of mono- and tri- 
HAA was observed in both raw and treated waters when the bromide was purposely 
spiked into the samples. The difference in yield of di-HAA species (DCAA, BCAA and 
DBAA) resulting from the increase in bromide concentration was similar for raw and 
treated waters, while a greater increase in brominated tri-HAA species was observed in 
the raw water as compared to the treated water (Figure 6.8). The ranking order of the 
bromine incorporated species, in terms of their magnitude of concentration, showed no 
ith or wi AA was formed 
spike, and the increase was found to be greater
an average of 1.3 mol bromide was incorporated into 1 mol HAA formed from
water. The v
sim
difference w
when bromide was spiked into treated water.  
thout a bromide spike for both waters, except TB
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6.4.3.2 NOM fractions 
For the treated water, the greater bromide concentration caused an increase in the 
specific THAA yield for all the individual HAA fractions apart from the two base 
fractions (Figure 6.9(b)). For the raw water, the presence of the bromide spike lead to an 
increase in specific THAA yield for all the individual HAA fractions except the 
hydrophobic fractions, where was no significant difference (Figure 6.9(a)). A higher 
value of bromine incorporation factor was observed for the HPOA, TPIN and HPIB 
fractions after treatment (Figure 6.10). However, the bromine incorporation was less 
ine 
g the treatment process.  
to the distribution of HAA subgroups, the proportion of mono-HAA 
ed from TPIA and HPIA decreased with the 
inated species and its 
 of BDCAA. A greater amount of TBAA was formed with 
the fractions isolated from the treated water as compared to their counterparts from the 
raw water, among which HPIA and HPIN had the highest specific yield of TBAA. 
 
active in other NOM fractions suggesting that NOM components amenable for brom
incorporation were removed to a greater extent durin
 
With regard 
increased with the higher bromide concentration for all individual NOM fractions 
except HPIN separated from raw water. For the raw water, a lower proportion of tri-
HAA was formed from HPIA, and no apparent changes occurred with HPIN, with a 
bromide spike, while the proportion of tri-HAA from the rest of the NOM fractions 
slightly increased as a result of the increase in bromide concentration. For the treated 
water, the proportion of tri-HAA form
bromide spike, whereas the opposite effect was found with the HPIN fraction.  
 
In the presence of the bromide spike, bromine incorporated species were preferentially 
formed over the chlorinated HAAs for most of the NOM fractions, while for HPON, 
TPIN and HPIB isolated from the treated water, a greater amount of DCAA was formed 
than other HAA species. In treated water, BDCAA was the dominant brominated HAA 
species for the three hydrophobic fractions, HPIA and HPIN, while BCAA was the 
dominant compound formed by the rest of the NOM fractions. The relative formation of 
DBAA was less than BCAA, BDCAA and CDBAA. An exception was observed for the 
case of HPIN, where DBAA was the second most abundant brom
yield was very close to that
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6.4.4 The validity of SUVA and chlorine demand as surrogates to predict HAA 
A poor correlation was found between the SUVA value of individual NOM fractions 
g provided 
 are readily 
t processes and that the non-aromatic and non-UV absorbing 
compounds can be significant HAA precursors as well.  
There was also a poor correlation between the chlorine demand and THAA formation 
OM fractions from treated water. As discussed earlier (with 
formation   
from the treated water and the corresponding THAA formation. This findin
indirect evidence that compounds containing UV254 absorbing chromophores
removed by the treatmen
 
for the individual N
reference to Figure 6.6), the change in the ratio of HAA formation to chlorine demand 
by the treatment varied between the individual NOM fractions. For some fractions, the 
selected treatment process can effectively remove HAA precursors, leading to a 
reduction in THAA yield; whereas the treatment process tends to remove more of those 
compounds that exert high chlorine demand but are not HAA precursors for other 
fractions. Therefore the decrease in HAA formation did not necessarily correspond to 
the changes in chlorine demand, it is not surprise that chlorine demand cannot be used 
as a universal surrogate in predicting HAA formation.  
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6.5 Conclusions 
• DOC and SUVA value were found to decrease after treatment, but to a different 
extent. Fractionation results showed that most of the DOC removed through 
 The treatment process tended to remove more tri-HAA precursors than di-HAA 
 behaviour, where an apparent increase in 
THAA formation was observed in bulk water and individual NOM fractions with a 
 the treated water responded differently with 
or without a bromide spike.  
• A poor correlation was found between HAA formation and either SUVA or chlorine 
demand. This suggests that SUVA and chlorine demand are poor surrogates in the 
prediction of HAA formation, especially with water containing less aromatic and 
high MW NOM. 
 
treatment processes was from the hydrophobic fraction.  
• The treatment processes affected HAA formation by either removing the main HAA 
precursors or changing their characteristics. Thus, it is hard to estimate separately 
the effect of treatment on changing the precursor properties as the HAA formation is 
partially dependent on the removal efficiency. However, the conventional treatment 
appears to show a greater capacity in removing HAA precursors from the 
hydrophobic fractions, where a 70% reduction in total HAA formation was reported 
after treatment. 
•
precursors, which suggests that NOM with aromatic properties or high molecular 
weight contains more tri-HAA precursors than di-HAA precursors. It also gives 
indirectly evidence that di- and tri-HAAs may be formed from different precursors. 
With regard to the distribution of individual HAA species, no apparent difference 
was found between the raw and treated waters. 
• The changes in the characteristics of NOM resulting from the treatment can also be 
revealed from the bromine incorporation
bromide spike. This implies that the removal of bromide is desirable during 
treatment as the nature of NOM after treatment is more amenable to bromide 
incorporation leading to high formation of HAAs. With regard to the HAA species 
distribution, with the exception of the hydrophobic fractions the bromide 
concentration had the same impact on the other NOM fractions from the raw water 
and treated water samples in terms of the distribution of the three HAA subgroups, 
whereas HPOB and HPIB isolated from
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f algae cells and their excreted metabolic substances may cause a series of 
roblems for water treatment: (1) undesirable taste and odour; (2) potential toxicity 
inte  substances with the coagulation 
akaara et al., 2007, Henderson et al., 2008); (4) 
n n and disinfection by-products (DBPs) formation. 
compounds, such as 
The ic substances during growth through 
iffusion driven by the equilibrium between intra- and extracellular concentration, often 
referred to as extracellular organic matter (EOM). The cell wall consists of cross-linked 
peptide chains of N-acetyglucosamine and N-acetylmuramic acids and contains other 
organic nitrogen compounds as well. The irreversible degradation of cell wall surface is 
considered to be another EOM material (Watt, 1966). EOM released by diffusion is 
mostly found during the exponential growth phase with low molecular weight 
intermediate products such as glycolic and amino acids, while EOM from senescent 
cells are those with high molecular weight products, such as polysaccharides, which 
occur often in the later growth phases of algae. All these organic compounds may 
contribute to DBP formation and particularly to prominent DBP species such as 
trihalomethanes (THMs) and haloacetic acids (HAAs) (Scully et al., 1988, Hureiki et al., 
1994, Westerhoff and Mash, 2002). The potential role of algae (cells and EOM) in DBP 
THE ROLE OF ALGAE IN HAA AND THM 
FORMATION 
 
7.1 Introduction 
Algae are ubiquitous in rivers, reservoirs and lakes. During algal blooming seasons, the 
increase o
p
concerns, particularly with blue-green algae which may excrete algal toxins; (3) 
rference by both algal cells and their metabolic
process (Plummer and Edzwald, 2002, T
co tribution to total organic carbo
Algae cells contain a wide range of organic nitrogen 
polysaccharides, proteins, peptides, amino sugars and traces of other organic acids. 
se materials will be excreted as metabol
d
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formation has been considered in several studies in the past two decades (Wardlaw et al., 
1991, Graham et al., 1998, Glezer et al., 1999, Plummer and Edzwald, 2001, Nguyen et 
(pH 7, 24 hrs contact time, 20-24 0C), the reported yields of THM from algal 
iomass range from 3.5 µg CHCl3/mg TOC to 7.3 µg CHCl3/mg TOC, and those from 
from 3.7 µg CHCl3/mg TOC to 8.7 µg CHCl3/mg TOC 
ation as 
 by EOM from diatoms and 
is insufficient, particularly 
al., 2005).  
 
The formation of THM varies according to algae species, growth phase and also the 
chlorination conditions (e.g. pH, temperature, contact time). Under similar chlorination 
conditions 
b
EOM were similar, ranging 
(Wardlaw et al., 1991). A difference was observed between algal biomass and EOM 
when extending the contact time (Plummer and Edzwald, 2001), partly due to the 
release of intracellular organic matter resulting from cell lysis.  
 
There has been very little research to-date on the role of algae in HAA formation. HAA 
yield from EOM extracted from a green algae, Senedesmus, was 60 µg total HAA/mg 
TOC and green algae have been argued to be the most productive in THM form
compared to blue-green algae and diatoms (Nguyen et al., 2005). However, 
contradictory results were found in other research, where EOM extracted from blue-
green algae was reported to be the most reactive, followed
green algae (Plummer and Edzwald, 2001). 
 
It is clear that the information on HAA formation from algae 
the role of algal cells. Water utilities that apply pre-treatment may cause the release of 
intracellular organic matter (IOM) from the disruption of algae cells, and this IOM can 
be a significant DBP precursor. Thus it is essential to investigate not only the EOM but 
cells in DBP formation as well. In addition, the presence of bromide may shift the 
distribution of individual DBP species, thus the impact of bromide ion was also 
evaluated here. 
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7.2 Objectives and Approach 
Two blue-green algae species, Anabaena flos-aqua and Microcystis aeruginosa were 
selected, since they are common species found in UK surface waters. In addition, blue-
green algae are known as nitrogen fixer and liberate up to 45% of their fixed nitrogen as 
organic-N, which may lead them to be si nificant contributors in THM and HAA 
n (Westerhoff and Mash, 2002). Previous studies have indicated that 
mediate dichloroacetonitrile 
th THMs and HAAs 
N compounds such 
et al., 2000a, H
follows:  
 The difference between cells and EOM in total DBP formation, specific DBP yield 
 used) and DBP species distribution 
BP formation and individual DBP 
species distribution in the presence of algae 
g
formatio
chlorination of amino acids can form a unstable inter
(DCAN), which will continue to react with chlorine to form bo
(Ueno et al., 1996, Reckhow et al., 2001). In addition, other organic-
as proteins and amino sugars contain significant amount of di-HAA active sites (Croue 
wang et al., 2001). Thus, the specific objectives of the study are listed as 
 
•
(yield/unit C
• The influence of algal growth phase 
• The influence of algae species  
• Interactions between algal cells and EOM in DBP formation 
• The relative importance of bromide on total D
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7.3 Materials and Methods  
7.3.1 Chlorophyll extraction, cell counting and OD730 determination 
730 ented in 
duplicate. 
 
Chlorophyll-a Measurement
To monitor algae growth, some of the algae samples were taken out of the water shaker 
bath regularly for chlorophyll-a measurement, cell counting if applicable and optical 
density analysis at 730nm (OD ). All measurements here were implem
 
ated by Papista et al. (2002), which was 
lightly modified based on the ISO 10260 standard procedure (ISO, 1992). In this 
 used as the extract solvent, which had been proved to produce 
eriment) was taken out of the flask 
nd placeed into a 15 ml conical graduated centrifuge tube and sealed with screw cap, 
the volume of which was recorded as the “initial volume”.  
 (1,600 g) for 
tract was then decanted from the 
entrifuge tube and transferred into a clean measuring cylinder to measure the volume.  
5.    Finally the light absorbance of the extract was analysed at 666 nm (A666) and 750 
nm (A750) wavelengths using a UV-2401PC UV/Visible spectrophotometer (Shimadzu, 
Japan) and a spectrometer cell with 1 cm path length.  
Chlorophyll-a was determined by a method cre
s
method, methanol was
complete pigment extraction without degradation from a blue-green algae (cyanobateria) 
(Sartory and Grobbelaar, 1984). The extraction procedures were all performed under 
indirect light exposure, since light induces rapid degradation of chlorophyll. The 
extraction procedures and calculation of chlorophyll-a are described as follows: 
1.     A certain amount of sample (5-14 ml in this exp
a
2.  The sample was then centrifuged at a speed of 3,000 rpm
approximately 15 minutes, which was sufficient for cell separation, and compact algal 
aggregation pellets were observed in the bottom of the tube.  
3.    After centrifugation, the supernatant was carefully decanted from the centrifuge 
tube and pure methanol was added to make up a total volume of about 8-10 ml. The 
screw cap needed to be closed properly and tightly to prevent methanol evaporation. 
Algal cells were resuspended into methanol by using a high-speed stirring mixer 
(Miximatic, Jencons, UK). After that, the sample tube was labelled and stored in 
darkness at approximately 21 ºC for 24 hours. 
4.   After the required storage, the sample tube was taken to the centrifuge again to 
separate the methanol from the algal cells. The clear ex
c
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Pure methanol was also measured at the above mentioned two wavelengths for 
background adjustments. For the two absorbance values, A750 is usually used for 
turbidity correction which is supposed to be a very low value, while readings at 666 nm 
usually fall between 0.01 and 0.8 units. The chlorophyll-a concentration was calculated 
from the equation below: 
666 750( ) 1000Chlorophyll-a, /   
79.3
A A Vmg ml
Vs d
µ − × ×= × ×  
Where: 
  Vm is the volume, in millilitres (ml), of extract, 
  Vs is the volume, in millilitres (ml), of initial sample, 
   d         is the length, in centimetres (cm), of the optical path, 
           79.3 is the specific operational spectral absorption coefficient, in litres per  
microgram per centimetre (l·µg-1·cm-1), for extraction in 100% methanol, 
and  
          1000      is the dimension factor, in litres per millilitre (l·ml-1). 
 
Cell Counting
    
 
Anabaena flos-aquae grows in long filaments of vegetative cells and even after 
treatment by ultrasound short-chain filaments were found to be still present in algae 
samples, compromising the accuracy of cell counting. Thus cell counting was only 
performed with Microcystis aeruginosa. 
 
Cell counting was carried out by microscope with magnification 400 (objective 40× ; 
ocular 10 ) by using a haemocytometer. Since a relatively dense population can be 
 the haemocytometer, algae 
amples were diluted to a desired concentration before counting. Lugol’s iodine solution 
(10 g I2, 20g KI, 200 ml distilled water and 20 g glacial acetic acid) was used to 
samples, which can also help increase cell density, allowing algae cells 
to settle well in the counting chamber. Before counting, algae samples containing 
llowed to stand for at least 15 min to enable good settling (APHA, 
 notch on the side of the haemocytometer on
×
displayed properly (distributed evenly on the grids) by
s
preserve algae 
Lugol’s media were a
1998). A small portion of algae sample was transferred by a disposable glass pipette to a 
small (2 by 4mm) half cone . So  after, the 
sample drew up the cone and filled the area between the raised platform of the 
haemocytometer and the cover-slip. This process was repeated on the other side of the 
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counting area. The entire procedure took not more than a minute or so, even with extra 
caution.  
In using the haemocytometer, each counting area was divided into nine equal portions 
of 1mm by 1mm grids, which were referred to as counting cells. The number of algae 
cells was calculated from the formula provided below: 
Cell count = f × numberof algaecell
numberof countingcellused
× 1
10−4
×103 per mL  
where: f is the dilution factor of algae sample. 
 
OD730 Determination 
Nguyen and co-workers (Nguyen et al., 2005) reported good linear correlations between 
ptical density at 730nm (OD730) and dry algal biomass in three different algae species. 
g cells. The separated cells from the 
centrifugation were washed three times and re-suspended in de-ionised water. Separated 
cells, EOM, as well as the original algae suspension before separation, were transferred 
to 250ml amber bottles for chlorination tests. Duplicate quantities of the cell 
suspensions, EOM aliquots and original algae samples were taken for TOC 
determination (TOC analyser, Shimadzu Ltd, Japan).  
 
o
Considering that the dry biomass in this study was too low to measure, OD730 was used 
as a reference for monitoring algae growth. OD730 was determined by Shimadzu UV-
2401 spectrophotometer at a wavelength of 730nm.  
 
7.3.2 Separation of cells and Extracellular Organic Matter (EOM) 
To investigate the contribution of algae to DBP formation over time, samples containing 
both algal cells and extracellular organic matter were removed from the growth flasks at 
certain intervals throughout their growth phase and subjected to centrifugation. EOM 
was collected from the centrifugate after passing through a 0.45-µm Whatman 
membrane filter to remove any remainin
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7.3.3 Chlorination and DBP analysis 
To assess the contribution of cells versus EOM in producing DBPs along with their 
possible interactive effects, measurements of THM and HAA formation were made 
using cell suspensions, EOM aliquots and original algae suspensions before separation. 
For each algae species, the same chlorine dose was applied to the algal samples 
collected at varied growth phase, which was determined beforehand by carrying out a 
preliminary chlorine demand test. To investigate the impact of bromide ion, some of the 
algae samples were purposely spiked with bromide ion to make a substantial 
concentration of 0.48 mg/L. Chlorination tests were buffered by phosphate and stored at 
(APHA, 
998); the 7 day method is also known as the disinfection by-products formation 
potential (DBPFP) test. DPD Standard Method 4500-Cl F (APHA, 1998) was used to 
 chlorine was quenched 
pH 
210C in dark for 1 day or 7 days in accordance with AWWA Standard Methods 
1
measure residual free chlorine after chlorination. Residual free
with sodium thiosulfate (Na2S2O3) for THM analyses and with ammonia sulfate 
((NH4)2SO4) for HAA analyses. Four THM species were analysed by following 
Standard Method 6232B (APHA, 1998) but with minor modifications developed by the 
University of North Carolina (Baribeau et al., 2005), and nine HAA species were 
determined according to U.S. EPA METHOD 552.3. Duplicates were prepared for 
determination of both DBP species. The detailed experimental scheme is shown in 
Figure 7.1. Experimental details regarding chlorine demand, chlorination tests and DBP 
determination, can be found earlier in Sections 3.3.1 and 3.3.2. 
 
 
Algae Culture 
 
THM pH Residual Chlorine HAA 
TOC 
THMFP 
210C, 24hrs & 168hrs, pH7 
HAAFP 
210C, 24hrs & 168hrs, pH7 
Centrifugation 
EOM EOM + Cell Cell 
Figure 7.1 Experiment scheme of algae chlorination test  
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7.4 Results  
7.4.1 Algae growth  
Figure 7.2 shows the relationship between chlorophyll-a, optical density at 730nm 
(OD730) and DOC of EOM from Anabaena flos-aquae and Microcystis aeruginosa, in 
which changes in chlorophyll-a is commonly used to distinguish the growth phase for 
blue-green algae. All four growth phase, namely, lag, exponential, stationary and death 
phase can be distinguished for both species. The lag phase of Anabaena and Microcystis 
lasted approximately 10 to 15 days, during which time barely any changes were 
observed in chlorophyll-a and optical density. A dramatic increase in chlorophyll-a for 
oth species indicated the start of exponential phase, which lasted until approximately 
total organic carbon (TOC) of algal suspension, dissolved organic carbon 
OC) of EOM with chlorophyll-a or OD730. 
b
Day 25 and Day 29 for Anabaena and Microcystis respectively, when the declining rate 
of increase indicated the onset of the stationary phase. For Anabaena, it is slightly 
difficult to distinguish the turning point from exponential phase to stationary phase 
solely based on chlorophyll-a, since the colour kept turning dark with culture time while 
cell number seemed to stop increasing (based on OD730 value). Death phase is believed 
to have started at some point beyond Day 34 for Anabaena and Day 36 for Microcystis 
when the pigment inside cells began to fade, and the chlorophyll-a and OD730 levels 
reduced.  Results from cell counting of Microcystis confirmed the timeline of the four 
growth phase. 
 
In contrast to the trend observed in chlorophyll-a and OD730 levels, concentration of 
EOM excreted from both species increased steadily through the first three growth 
phases. A sharp increase in the DOC from EOM was found at the start of death phase, 
which might be explained by the autolysis of cells and consequent releasing of the 
intracellular organic matter (IOM). Higher amount of EOM was produced by 
Microcystis as compared to Anabaena, which reached 2.26 mg/L before the excretion of 
IOM. In addition, a close linear relationship between chlorophyll-a and OD730 (R2 = 
0.97 for Anabaena and 0.98 for Microcystis) was also found in this study, consistence to 
the results reported by Nguyen et al. (2005). However, no correlations can be found 
between 
(D
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Figure 7.2 Growth curves of Anabaena flos-aquae and Microcystis aeruginosa 
 
7.4.2 Total THM and HAA formation from cells and EOM  
Figure 7.3 and 7.4 display the total THM (TTHM) and total HAA (THAA) yield 
produced by Anabaena and Microcystis (cells and EOM) varied with growth age 
respectively, yields of which are expressed on a molar basis. For Anabaena, THM 
formation from cells dramatically increased during exponential phase, with the 
concentrations increasing three-fold by the end of the exponential phase. In contrast 
t (80%) increase in the yield produced by the EOM. DBP levels 
milar trend was found for HAA formation, but with 
e sharp increase in concentration occurring earlier in the exponential phase. For 
Microcystis, both the TTHM and THAA yield remained constant during lag phase, with 
a slight increase at the beginning of the exponential phase. The yield fluctuated at the 
end of the exponential phase. For both algae species, THAA formation from EOM was 
there was a more modes
from both cells and EOM fluctuated in the stationary phase, and then reduced at the 
beginning of the death phase. A si
th
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found to decrease, while TTHM was increased in death phase. This may suggest that 
IOM released due to autolysis of cells in later growth phase supports the formation of 
THM over HAA. In addition, the peak formation of DBPs found in stationery phase 
indicates that a high level of DBP can be generated during the algae blooming season, 
which is consistent with the results from the previous surveys (Graham et al., 1998, 
Bukaveckas et al., 2007).  
 
The maximum yield of TTHM and THAA produced by cells of Anabaena (without 
ich were two to 
d HAA 
µmol/L for THM and 3.06 
mol/L for HAA from cells, 0.65 µmol/L for THM and 0.94 µmol/L for HAA from 
EOM. The finding that algal cells exhibited a higher productivity in THM and HAA 
formation as compared to their corresponding EOM was also confirmed by other studies 
using different algae species in the test (Wachter, 1982, Graham et al., 1998, Plummer 
and Edzwald, 2001). This implies that treatment to physically removing algal cells 
(without rupture) can be a more effective way to control DBP formation, while on the 
other hand pre-treatment such as pre-ozonation and pre-chlorination, which may cause 
cell breakage and the release of IOM, should be avoided if possible. 
 
f 
predominant species produced by both cells and EOM of Anabaena in the early growth 
phase (lag and exponential phase) (Figure 7.5). However, in the later exponential phase 
greater quantities of the higher halogen-incorporated species were produced by the cells, 
and this trend continued into the stationery and death phases, where approximately 
equal amounts of di- and tri- HAA were produced without mono-HAA. In contrast, for 
EOM, mono-HAA was the predominant species (≥ 50%) throughout the first three 
growth phases, and the ratio of di-HAA to tri-HAA remained approximately constant; 
whereas, large amount of di-HAA was produced, accounting for 80% of total HAA 
e 
tween the lag and exponential growth phases (Figure 7.6). Similar amount 
of di- and tri-HAA were produced by cells, while di-HAA was the predominant HAA 
bromide spike) were 0.75 µmol/L and 1.03 µmol/L, respectively, wh
three times more than that from EOM, regardless of the growth phase. THM an
rmation from Microcystis were much higher, with 1.41 fo
µ
Apart from the total yield of DBPs, differences were also revealed in distribution o
individual DBPs (mainly HAA speciation) for cells versus EOM. Mono-HAA was the 
formation in the death phase. For Microcystis, mono-HAA appeared only at th
transition be
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species produced by EOM. The average ratio of tri-HAA to di-HAA was 1.2 
µmol/µmol for cells and 0.66 µmol/µmol for EOM, which are comparable to the results 
he dissimilarity 
ally in 
ell samples, in which tri-HAA accounted for nearly 60% of the total HAA formation. 
reported by Nguyen et al. (2005) and Plummer and Edzwald (2001). T
exhibits in individual HAA species distribution between cells and EOM, as well as in 
different algae species may be attributed to differences in the composition of individual 
algogenic organic matter (AOM), including both intracellular and extracellular organic 
matter.  
 
In early growth phase, EOM excreted from algae is mainly derived from a diffusion 
process driven by equilibrium between intra- and extracellular concentration (Nguyen et 
al., 2005), comprising up to 80-90% polysaccharides and a small amount of protein, 
amino acids and other trace amounts of nitrogenous organic matter (Myklestad, 1995). 
The proportion of protein-related substances in EOM increases with time and usually 
reaches a maximum when IOM is released. The increasing proportion of proteinaceous 
material in EOM intensified the domination of di-HAA, as observed for both algae, 
which is consistent with the suggestion that organic-N compounds contain more active 
sites for di-HAA formation (Croue et al., 2000a, Hwang et al., 2001). As compared to 
other algae species, Microcystis also produced a large amount of tri-HAA, especi
c
This may be attributed to the high hydrophobicity of AOM produced by Microcystis 
(Choi et al., 2004, Henderson et al., 2008). A sharp increase in the tri-HAA ratio was 
observed in EOM samples during the death phase, which suggests that IOM from 
decaying cells of Microcystis can be a significant tri-HAA precursor. The reason for the 
appearance of a high proportion of mono-HAA from both algae species during the early 
growth phase is not clear, but polysaccharides, as the predominant metabolic substance, 
may be responsible for the production of low halogenated HAA species.  
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Figure 7.3 Total THM and HAA formation from cells and EOM of Anabaena flos-aqua 
(pH 7, 21 0C, 7 days chlorination) 
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Figure 7.4 Total THM and HAA formation from cells and EOM of Microcystis 
aeruginosa (pH 7, 21 0C, 7 days chlorination) 
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Figure 7.5 HAA species distribution from (a) cells and (b) EOM of Anabaena flos-aqua 
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Figure 7.6 HAA species distribution from (a) cells and (b) EOM of Microcystis 
aeruginosa 
             
rom cells and EOM 
yield produced by cells and EOM of Microcystis were 5.76 and 3.47 µmol/mmol C 
 
7.4.3 Specific yield of TTHM and THAA f
 In terms of the specific molar yield of DBP, expressed as µmol/mmol C, the differences 
in yield between the cells and EOM still existed, but the influence of growth phase was 
less clear (Figure 7.7 and 7.8). The specific yield of DBP is often used to indicate the 
relative reactivity of organic matter with chlorine, thereby allowing comparisons to be 
made between different substrates and their importance as DBP precursors to be 
determined. From the results shown in Figure 7.7 it can be seen that EOM of Anabaena 
was slightly more productive than cells for THM formation during the lag and 
exponential phases, whereas the trend reversed for the stationary and death phases. With 
regard to HAA, the specific yield from EOM exceeded that from the cells throughout 
the lifetime, with one exception at the time of 20 days. A representative (average) value 
for the TTHM specific yield from EOM of Anabaena in the stationary phase of 3.2 
µmol/mmol C, is comparable to the results reported in previous studies of blue-green 
algae of 1.8-6 µmol/mmol C (Wachter, 1982, Graham et al., 1998, Plummer and 
Edzwald, 2001, Nguyen et al., 2005). Corresponding values for the THAA specific 
yield from EOM in the stationary phase were in the range of 9-12 µmol/mmol C. 
 
Contrary to the findings in Anabaena, specific yield of both THM and HAA formed 
from cells of Microcystis was about 2-3 times greater than that from EOM throughout 
the growth phase (Figure 7.8). In the absence of bromide, the average value of specific 
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respectively, for THM, which were similar to the values from Anabaena. However, for 
HAA, the average value of specific yield from cells and EOM were 9.73 and 4.61 
mol/mmol C, respectively, higher than those produced by Anabaena. This may be 
xplained as relatively high hydrophobic characteristics and HAA precursor content 
within Microcystis in general (Liang and Singer, 2003, Hua and Reckhow, 2007). In 
addition, it is noticed that the difference in specific THAA formed from the cells and 
EOM of Microcystis was much greater than that in specific TTHM, whereas a similar 
amount of specific THAA and TTHM were produced by the cells and EOM of 
Anabaena. It was reported previously by Pivokonsky et al. (2006) that the proteinaceous 
content in intracellular organic matter (IOM) of Microcystis cells was significantly high, 
accounting for more than 65% of the total DOC, as compared to 30% from its EOM.  
This may imply that certain proteinaceous materials contained in algal cells may be 
significant HAA precursors.  
 
It is worth noting that though specific DBP yield was much less influenced by growth 
e growth phase, as observed from both algae species. In the 
ag phase and 
µ
e
phase as compared to total yield, the peak yield of DBP formation was most likely to 
occur at transition point of th
case of Microcystis, peak specific yield of THAA appeared at the end of l
death phase, while maximum specific yield of TTHM was found at the start of 
exponential phase. In addition, since the variability appeared in the specific TTHM and 
THAA values with growth phase for cells and EOM from both algae species, it meant 
that no clear conclusions can be drawn as to whether a particular growth phase is more 
important than another. However, the period between the late exponential phase and 
early death phase can be regarded as a particularly productive phase for DBP formation.  
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OM of Anabaena flos-aqua 
  
Figure 7.7 Specific TTHM and THAA yield for cells and E
(pH 7, 210C, 7 days chlorination) 
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                                    (a)                                                          
Figure 7.8 Specific TTHM and THAA yield for cells a
                      (b) 
nd EOM of Microcystis 
eruginosa (pH 7, 210C, 7 days chlorination) 
A. 
everal reasons may help to explain the observed antagonistic effect. Firstly, cell debris 
a
 
 
7.4.4 Interaction between cells and EOM 
Potential interactions between cells and EOM were investigated. The numerical sum of 
the DBPs formed individually by cells and EOM was compared with the yield produced 
by the two together. An antagonistic effect was discovered in both algae species, 
although it was less apparent for Microcystis. With regard to individual DBPs, the 
interaction between cells and EOM had more impact on THM formation than HA
S
may serve as an adsorbent for THMs and HAAs in chlorinated samples containing both 
cells and EOM. THMs are relatively hydrophobic and may be more readily adsorbed by 
cell material than the more hydrophilic HAAs, thereby explaining the greater apparent 
antagonistic effect for THMs than HAAs. Secondly, there may be interactive 
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scavenging of THM or HAA intermediate species produced during chlorination leading 
to a consequent reduction in the final compounds, or interactions between intermediate 
compounds that react with the cells and EOM leading to other (non-THM/non-HAA) 
BP compounds.  Similar antagonistic effects between substances with different D
chemical properties and polarity have also been reported in other studies 
(Kanokkantapong et al., 2006b). Finally, the extent of cell breakage resulting in the 
release of organic matter to react with chlorine, which mainly depends on cell 
morphology and cell-to-chlorine ratio (Plummer and Edzwald, 2002), may also be 
responsible for the antagonistic effect. As shown in Figure 7.9, antagonistic effect was 
much less obvious in the results corresponding to a 1-day chlorination period, in which 
the samples still had a high chlorine-to-cell ratio.   
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Figure 7.9 Antagonistic effect between cells and EOM of Microcystis in (a) TTHM and 
(b) THAA formation 
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7.4.5 Effect of bromide ion on DBP formation and species distribution 
Greater concentrations of HAA compared to THM were observed for both algae species 
in the absence of bromide (Figure 7.10), which is different from earlier findings 
obtained from green algae (Nguyen et al., 2005). Since blue-green algae contain 
significant amount of organic-N as compared to other algae species; and organic-N 
supports the formation of HAA over THM  and di-HAA over tri-HAA when in 
relatively higher ratio to DOC (C/N < 15) (Westerhoff and Mash, 2002). Nevertheless, 
in the presence of bromide the DBP species exclusively shift from HAA towards THM. 
rporated into low 
of 
rophilic (Choi et al., 2004, Henderson et al., 2008). With regard to total 
DBP yield (THM and HAA), however, no significant change was evident in algae 
samples with a bromide spike compared to those without bromide; This was also 
reported by an earlier study of chlorination tests carried out on raw water under different 
bromide levels (Hua et al., 2006).  
 
The degree of bromine incorporation, on the other hand, varies from species to species 
and also changes with growth phase due to the alteration in AOM components (Figure 
7.11). To examine the degree of bromine substitution in DPB species, the bromine 
incorporation factor n’ (Symons et al., 1996), was introduced in this study. It is defined 
as follows: 
 
or HAA:                               n’ = HAABr6 (µmol/L) / THAA (µmol/L) 
where HAABr6 = [MBAA] + [BCAA] + [BDCAA] + 2[DBAA] + 2[CDBAA] + 3[TBAA]  
 cells and EOM to form HAAs and THMs. With increasing culture age, 
less bromide active sites were available to form brominated THMs, whereas in 
This is consistent with the theory that bromide is more effectively inco
UV-absorbing, low molecular weight and hydrophilic fractions, since more than 70% 
OM were hydA
For THM:                               n’ =  THMBr3 (µmol/L) / TTHM  (µmol/L) 
where THMBr3 = [BDCM] + 2[DBCM] + 3[TBM] 
 
F
 
During the lag phase, a similar amount of bromide was incorporated into precursor 
material from
Anabaena some sites favoured HAA formation. A decrease in bromide incorporation 
into THMs with time was especially obvious for Microcystis, which might be due to the 
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decrease in its hydrophilic content with culture age (Henderson et al., 2008). When the 
growth phase of both algae species progressed to the death phase, bromine 
incorporation appeared to become more active again.  
 
In terms of THM speciation, bromodichloromethane and dibromochloromethane were 
the two predominant THM species produced from cells and EOM of Anabaena, ranging 
from 65%-75% of total THM yield throughout the culture time. Microcystis produced a 
similar proportion of the two THM species during the lag and exponential phase, 
however the proportion of chloroform formed from cells increased from 22% to 38% 
after the growth phase progressed to the stationary phase, while a distinct decrease 
ccurred for the two higher brominated species (DBCM and TBM). Changes in THM 
eakened once the 
rowth phase progressed to the stationary phase, resulting in a sharp decrease in all 
brominated HAA species, especially those with a higher degree of bromine 
st, MBAA did not appear until the stationary phase for Microcystis. 
o
species distribution with culture age were less dramatic for the EOM of Microcystis.  
 
Compared to THMs, the characteristics of precursors have more of an impact on HAA 
species distribution with bromine incorporation (Figure 7.12). No MBAA was found 
with Anabaena throughout the growth phases, while TBAA produced by cells only 
appeared in the stationary phase (SP) and by EOM in the exponential phase (EP). 
DBAA, BCAA and BDCAA were the three dominant brominated HAA species formed 
from Anabaena, among which however, BCAA was not detected until the mid-
exponential phase and BDCAA was prominent in the stationary phase.  
 
Bromine incorporation seemed more extensive with AOM from Microcystis in the 
earlier growth phase as compared to Anabaena. Among the bromine incorporated HAA 
compounds, BDCAA, DBAA and CDBAA, were the three principal species observed 
with both cells and EOM of Microcystis in the exponential phase, accounting for more 
than 40% of total HAA formation. However, bromine incorporation w
g
incorporation. A small amount of TBAA was produced in the exponential phase but was 
absent later. In contra
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Figure 7.10  TTHM yield versus THAA yield (a) without,  and (b) with  bromide spike 
(6 µmol/L) (diagonal line represents THM:HAA yield as 1:1) 
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                                           (a)                                                                                 (b) 
Figure 7.11 Br incorporation factor as a function of algal growth phase for (a) THMs 
and (b) HAAs 
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Figure 7.12 Individual HAA species distribution for (a) Anabaena and (b) Microcystis 
(Day 16 and Day 34 were selected as the representative exponential phase and 
stationary phase respectively for Anabaena; Day 17 and Day 36, respectively, for 
Microcystis; EP: Exponential Phase; SP: Stationary Phase) 
 
7.5 Discussion  
7.5.1 Significance of blue-green algae in DBP formation compared to other algae 
species 
Other studies of the formation of DBPs from algae have been carried out recently, 
 that algae are increasingly recognised as an important contributor to the DBP 
recursor pool. However, the capability of algae to form DBPs varies from species to 
crocystis in DBP 
formation during water treatment, the res co
reported for other algal species and are summarised in Table 7.1; these included the 
g he b een alg cillato olifer
t nd ella. As a basis for comparison, all 
r OC ( specifi . Sinc chlorin  
c tent ield of , the st  selecte  
t lorin  cond  (pH 7, 20±10C
m chlorination). In addition, the results were 
from tests where the algae population was in its stationary phase of growth.  
 
indicating
p
species. To assess the relative significance of Anabaena and Mi
ults in this study are mpared with those 
reen algae Scenedesmus quadricauda, t lue-gr ae Os ria pr a, and 
he two diatoms Astrerionella formosa a Cyclot
esults are normalised as yield per unit D viz. c yield) e the ation
onditions influence to a considerable ex the y  DBP udies d for
he comparison employed similar ch ation itions  and 
easurable chlorine residual at the end of 
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A algae edesmu adricau ppears  
equally reactive in producing THM and HAA compounds, while HAAs seem 
m  diatom Cyclotella and the blue-green algae found in this 
s A c trations from the d  are si  
t  are  comparable with the DBP form  
f  and Lekkas, 2001). From this and previous 
studies, it is ies EOM can be as reactive as cells in DBP 
mation. The implications of this for water treatment in practice are that pre-treatment 
processes w oval effectiveness of algal cells should be avoided, and 
particularly pre-oxidation, which disrupts the cells and releases intra-cellular organic 
matter. In particular pre-chlorination of algal source waters is of concern since it 
combines cell disruption with the simultaneous reaction of chlorine (at a relatively high 
dose) with cell-based and soluble (EOM) organic precursors. Thus, the approach to 
managing algae-related DBPs is to control the algal content of source waters and 
maximise the removal of algal cells/EOM prior to final chlorination. 
 
7.5.2 Significance of blue-green algae in DBP formation compared to NOM derived 
from source waters 
Cells and EOM of some specific blue-green algae species have been shown to be 
significant DBP precursors. As nitrogen fixers, blue-green algae contain large amounts 
of organic-N compounds and exert a high chlorine demand, thus decreasing the 
effectiveness of chlorine disinfection and leading to higher DBP formation. To further 
understand the relative contribution of AOM to DBP formation and link it with 
available information gained from other studies of natural organic matter (NOM), one 
comparison is made between the two algae species in this study and information 
concerning two river sources (the South Platte River and Suwannee River, both located 
in the USA) in terms of DBP formation in the absence of bromide, and another 
comparison with the results gained from the current NOM characterisation study on a 
lowland water with the presence of bromide.  
 
The NOM of the South Platte River is derived from both allochthonous aromatic and 
acid constituents and autochthonous contents from phytoplankton and bacteria, while 
Suwannee River NOM is mainly derived from allochthonous tannings and lignins, 
s can be seen in Table 7.1, the green  Scen s qu da a to be
to be 
ore readily formed with the
tudy. In general terms the THM and HA oncen iatom milar
o those from the blue-green algae, which  also ation
rom humic and fulvic acids (Nikolaou
 clear that for some algae spec
for
hich reduce the rem
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p  , accoun ase, 
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parison has 
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ce. In making an initial evaluation of the 
potential HAA yield, it is assumed that the fractions isolated from the water during the 
algal blooming season (summer) have a similar reactivity as those derived from the 
cultured algal EOM in terms of HAA formation. Thus, by knowing the composition of 
the algal EOM, the HAA yield and species distribution can be calculated based on the 
information of the fractions from the water source (i.e. relative proportion and specific 
yield). The calculated HAA yield from the EOM of Microcystis is displayed in Table 
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7.3. It can be seen that the calculated values of all the HAA species other than DCAA 
are significantly higher (factor of 2-3) than the corresponding observed value. However, 
the ution ated values shows a similar 
spread to that from the observed values. Since NOM derived from a water source is a 
mixture of heterogeneous substances, it is possible that NOM co nents other than 
AOM can have a higher productivity in HAA formation; while for each fraction with 
sim mical and physical characteristics, ss a similar reactive nature in 
for on of particular HAA species.  
le Comparison of DBP formation with different alg ecie
TTHM (µg/mg DOC) AA (µg/mg DOC) 
 distrib  of the six HAA species from the calcul
mpo
s 
TH
ilar che
mati
it may posse
the 
 
 
 
Tab 7.1 al sp
 
 1 day 7 day 7 day  day 1 
         Anabaen 0.4 101.2 a flos-aqua       ⎯  Cells 15.7 47.5 2
    
    
      (in this study)          ⎯ EOM 18.5 40.3 37.3 91.4 
     baena flos-aqua       ⎯  Cells 9.0   .a. n.a. 
      
Ana  nn.a.*
   
   
      
  Mi
(Gra
croc
ham n.a. n.a. n.a. 
ystis aeruginosa      ⎯  Cells 20.0 61.4 40.6 163.7 
 et al., 1998)     ⎯ EOM 3.0 
    
    
   
            (in this study)           ⎯ EOM 9.4 2 0.7 65.6 
cystis aeruginosa     ⎯ EOM 
slan 
n.a. 33 n.a. 28 
8.3 2
  M
      
icro
 (Go et al., 2008) 
         illatoria prolifer       ⎯  Mix n.a. 30 n.a. n.a.  Osc
    
   
   
 Sc
      (Ng
    Aster
enedesmus quadricauda  ⎯ EOM 
uyen et al., 2005) 
n.a. 63.3 n.a. 57.7 
ionella formosa          Cells 10.5 n.a. n.a. n.a. ⎯  
    
    
    
    (Graham et al., 1998)       ⎯ EOM 4.5 n.a. n.a. n.a. 
           Cyclotella  ⎯  Mix 
(Plumm
17 7.5 93  sp.
dzw
       
ald, 
     
2001er and E )  
45 3
*n.a
 
. – not available 
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Table 7.2 Comparison of DBP formation from blue-green algae with river sources 
 
 C/N THMFP  DCAAFP  TCAAFP 
(absence of bromide)
 ratio (µg/mg 
DOC) 
(µg/mg 
DOC) 
(µg/mg 
DOC) 
 Anabaena*     ⎯  Cells    n.a.** 50 29 49 
                      ⎯  EOM n.a. 26 26 22 
icrocystis* ⎯  Cells n.a. 61 71 93  M
    
So
                  ⎯  EOM n.a. 28 42 24 
uth Platter River, CO (Leenheer and Croue, 2003) 
Hy 14 28 
Tr
    
Hy
    
Suwannee River, GA (Leenheer and Croue, 2003) 
drophobic:   Acid 44 46 
                         Neutral   28 29 12 16 
ansphilic:      Acid           18 39 14 21 
                     Neutral  4 25 20 12 
drophilic:     Acid 15 35 16 24 
                     Neutral 9 28 19 15 
Hydrophobic:   Acid 70 55 25 59 
                     Neutral   47 51 24 51 
ansphilic:      Acid           
    
Tr 46 40 23 57 
Hy
    
    
                         Neutral  30 40 22 44 
drophilic:     Acid 34 36 22 36 
                     Neutral 15 23 22 26 
                     Base 8 29 39 31 
*da
34 
**n.
 
ta was obtained when algae were in stationary phase with absence of bromide (Day 
for Anabaena and Day 36 for Microcystis) 
a. – not available 
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Table 7.3 Comparison of DBP formation from blue-green algae with a lowland water source (presence of bromide) 
 
 
Ratio in total 
DOC (%)* 
DCAA 
(µg/mg DOC) 
TCAA 
(µg/mg DOC) 
BCAA 
(µg/mg DOC) 
BDCAA 
(µg/mg DOC) 
DBAA CDBAA 
(µg/mg DOC) (µg/mg DOC) 
Lowland water**, UK 
Hydrophobic:      Acid 7 17.2 16.0 18.6 34.2 
                         Neutral        5 13.9 8.8 11.6 19.4 
Transphilic:        Acid          21 9.4 6.4 12.0 21.7 
                         Neutral  0.5 13.9 3.0 12.7 13.3 
Hydrophilic:       Acid 42 20.9 21.1 17.2 28.6 
                         Neutral 1.5 12.7 12.1 22.2 40.1 
                           Base 23 11.1 4.2 9.9 8.0 
Microcystis***     EOM  18.8 6.8 4.3 7.7 4.2 5.9 
*ratio of each fraction composed in EOM of Microcystis is referred to the work done by Choi et al. (2004). 
**data was obtained from the lowland water collected in summer with bromide spike 
***data was obtained when algae were in stationary phase with bromide spike (Day 34 for Anabaena and Day 36 for 
         Calculated  EOM  15.5 12.9 14.3 22.5 
 Anabaena***      EOM  5.5 2.7 9 5.2 
11.1 26.
5.4 14.
8.2 22.
5.9 11.
7.6 21.
17.7 33.
4.0 7.2
1 
4 
5 
3 
3 
2 
 
7.2 18.
13.1 6.0
4 
 
Microcystis) 
  C
hapter 7                                                            The R
ole of A
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A
A
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M
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7.6 Conclusions 
The contribution of two common UK blue-green algae, Anabaena flos-aquae and 
rination has 
 phase 
omass (cells and EOM). This suggests that control 
the algae growth in the early stage is a good way to reduce both THM and HAA 
formation from algae. In contrast, no clear association was found for the specific 
yield (per unit carbon) with the growth phase. 
ecies, the absolute yield of TTHM and THAA from cells was 
substantially greater than that from EOM. However, the specific yield from EOM 
nant in EOM samples. 
 The presence of bromide shifts the relative DBP speciation from HAAs to THMs, 
until the later stationary phase. A similar trend was found with Microcystis samples 
Microcystis aeruginosa, to the formation of THMs and HAAs during chlo
been examined. The following summarises the key findings from this research: 
• A close relationship was found between TTHM and THAA yield with growth
and a direct association with bi
• For both algae sp
was slightly greater than cells for Anabaena, while the opposite trend was found for 
Microcystis. High production of HAA from the cells of Microcystis may be 
attributed to its high composition of proteinaceous materials, which is suggested to 
preferentially produce HAAs over THMs.  
• An antagonistic interaction between cells and EOM was observed for both algae 
species with regard to THM and HAA formation, though it is less apparent for 
Microcystis than Anabaena. 
• The distribution of HAA compounds varies with algae species as well as growth 
phase. For Anabaena cells, mono-HAA is the predominant HAA species during the 
lag and early exponential phase, while di- and tri-HAA species dominate in the later 
growth phases; in EOM samples mono-HAA is a major species throughout the 
growth phases up to the death phase. For Microcystis, mono-HAA only briefly 
appeared in the early exponential phase in samples of both cells and EOM. In cell 
samples, the proportion of tri-HAA was slightly higher than di-HAA, whereas di-
HAA was domi
•
indicating that bromide is preferentially incorporated into THM precursors. This 
may provide indirect evidence that HAA and THM are formed from different 
precursors. The degree of bromine incorporation changes with growth age. A higher 
bromine incorporation into THMs occurred at the early growth phase and decreased 
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with regard to the bromination of HAAs, while the extent of bromine incorporation 
increased with the growth age in samples containing Anabaena. 
• The behaviour of algal cells was similar to the hydrophobic fractions isolated from 
river waters in terms of reactivity to form DBPs, while the behaviour of algal EOM 
was similar to the hydrophilic fractions. This provides the possibility that the THM 
and HAA formation from algae might be estimated from combining information 
about the distribution of precursor organic fractions and their individual reactivity 
from existing information of surface water NOM.  
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Br) or hypobromite ion (OBr-), which further reacts with NOM 
 form brominated DBPs. Most freshwater systems contain bromide ion concentrations 
 rules. Since bromide 
n is not well removed by conventional water treatment processes, the formation of 
tration, and the higher the original bromide concentration, 
e greater the total HAA formed (Wu and Chadik, 1998, Singer, 1999). However, 
Pourmoghaddas (1991) and Cowman and Singer (1996) reported variability in HAA 
A
HAA FORMATION 
 
8.1 Introduction 
Naturally occurring bromide present in source water can be rapidly oxidised to 
hypobromous acid (HO
to
ranging from 10 to 500 µg/L (Kampioti and Stephanou, 2002, Chow et al., 2007). 
Toxicological studies show that brominated DBP species are more carcinogenic than 
their chlorinated counterparts (Plewa et al., 2004). Thus, in the Stage 2 
Disinfectants/Disinfection by-products rules, the other four brominated HAA 
compounds which are not listed in the current EPA DBP rule are likely to be included 
(Singer, 2006). In the DBP rules, all the regulated limits of DBP compounds are 
expressed in gravimetric concentrations. Due to the high molecular weight of bromine, 
the existence of bromine incorporated DBP species causes a significant increase in the 
total DBP concentration, thus resulting in the failure to meet the
io
brominated DBP species is unavoidable in waters containing bromide ions, and may 
cause a rapid increase in total DBP yield and thus breach concentration-based water 
quality standards.  
 
In Wu and Chadik’s study (1998), an increasing bromide concentration caused an 
increase in HAA molar concen
th
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yield with increasing Br- concentration. As is evident from the results in the previous 
chapters, HAA yield in solutions with spiked bromide also varied with the presence and 
 
ncentration in some studies (Krasner et al., 1994, Hua et al., 
selected for this study; the water 
ource was abundant in DBP precursors and the characteristics of the precursors had 
type of precursors. With regard to THM formation, the molar yield was found to
increase with bromide co
2006), while it was variable with increasing bromide concentration in studies with 
several model compounds (Navalon et al., 2008).  Furthermore, the variability of 
bromide impact was not only evident in the yield of total HAAs (and THMs) but in the 
species distributions as well.  
 
Apart from the common factors involved in the formation of chlorinated HAAs and 
THMs (NOM precursors, pH, temperature etc.), bromide incorporation is also 
controlled by the ratio of initial bromide concentration to chlorine dose, as well as the 
ratio of initial bromide concentration to the concentration of NOM (Hua et al., 2006). 
Hence, when there is bromide ion present in source water, the formation of HAA and 
THM is very difficult to predict.  
 
8.2 Objectives and Approach 
The inconsistent results from the earlier work on bromine incorporation suggest that the 
impact of bromine on HAA production is strongly source dependent. However, for a 
particular water source, the effect of bromide ion on total THM and HAA formation as 
well as the Br incorporation behaviour under the conditions of different applied chlorine 
doses and initial DOC concentrations are not clear. Therefore, the primary objective of 
this part of the study was to explore the interactions between chlorine dose, initial DOC 
concentration and initial bromide concentration in THM and HAA formation. Raw 
water collected in summer from a lowland source was 
s
been studied intensively (results presented in Chapter 4). The three aforementioned 
parameters were examined with regard to the yield and species distribution of THMs 
and HAAs. Based on this, a quantitative analysis was carried out to estimate the 
significance of the parameters in THM and HAA speciation, and an attempt was made 
to develop species distribution models for THM and HAA. The motivation behind 
developing the DBP species distribution models for DBP speciation was to aid water 
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utilities, where bromide ion is present in source waters, to predict the yield of HAA 
species. By selectively removing certain NOM precursors and adjusting the operational 
parameter (such as chlorine dose) in the treatment process, it may be possible to 
minimise the formation of brominated HAA formation.  
 
8.3 Materials and Methods 
Collected raw water samples were firstly filtered (0.45 µm filter capsule) and analysed 
for background bromide concentration. Samples were then diluted to five DOC 
concentration levels (1 mg/L, 2 mg/L, 3 mg/L, 4 mg/L and 5 mg/L) with deionised 
water. The studied bromide concentrations were ambient (0.024 mg Br-/mg C), ambient 
+ 0.12 mg/L, ambient + 0.24 mg/L, ambient + 0.48 mg/L, ambient + 0.96 mg/L and 
ambient + 1.44 mg/L.  
 
The lowest chlorine dose used in the tests was determined based on the highest chlorine 
emand from water with the highest DOC and highest bromide concentration, which 
nsured that samples would have a substantial residual of chlorine (≥ 1.5 mg/L) after a 
-day chlorination period. This concentration of residual chlorine was selected so that 
the chlorine concentration would always be greater than the concentration of bromide. 
Four levels of chlorine dose were used, 10 mg Cl2/L, 12 mg Cl2/L, 16 mg Cl2/L and 20 
mg Cl2/L. In practice, the residual chlorine of samples with a DOC concentration of 5 
mg/L and a chlorine dose of 10 mg Cl2/L failed to meet the criterion, therefore the 
results from those samples were not included in further analysis.  
 
All samples were buffered and chlorinated at pH 7. Details concerning the operational 
procedures such as chlorination, THM and HAA analysis were described in Chapter 3 
(sections 3.3.2, 3.4.2 and 3.4.3). Due to time limitations associated with the large 
number of samples and limited sample volume, duplicate chlorination tests were 
 and HAA 
d
e
7
conducted for selected chlorination conditions, and the samples for THM
analysis were all duplicated.  
 
 168
Chapter 8       The Impact of Chlorine Dose, NOM Amount and Bromide Ion on DBP Formation  
8.4 Results and Discussion 
8.4.1 The inter-relationship between chlorine dose, initial DOC concentration and 
bromide concentration 
A good correlation (R2 > 0.99) was found between initial DOC concentration and 
chlorine consumption. The correlations were linear at three chlorine dose levels (Table 
8.1), which suggests that the amount of chlorine consumed by other compounds apart 
from NOM in water was small enough to be considered constant when a high chlorine 
dose (≥ 12 mg/L) was applied. The slopes of the correlation lines increased with 
ance the 
hen excess chlorine (20 mg/L) was applied the chlorine demand per unit DOC was not 
ffected by any increase in initial bromide concentration. However, at lower doses of 
increasing initial bromid on.  fo iour is ut 
in g amounts of t e to gr n 
of hypobromous acid whi eacting e DOC mak
r i t a n g/L), however, the 
initial DOC concentration  correla arly wi hlor
s on de in ne n 
for this was the limitatio hlorine, e chlo ves 
s t nt in w ch C 
ratio, the active sites available to be cleav ugh ox were
t l e. r  (b) le 
8.1 reflect the chlorine consum  othe  which varies with 
the different chlorine dose
ption of chlorine was 
bromide concentration, but the trend was not 
or the samples where chlorine consumption was linearly correlated with the 
initial bromide concentration, the gradients of the fitted lines were less than unity 
(Figure 8.2(a)). This means that less than one mole of chlorine was consumed by one 
mole of bromide ion, which is inconsistent in terms of the theoretical stoichiometry. 
According to the stoichiometric equation provided in Eq. 2.5 (Chapter 2), one mole of 
increasing chlorine dose, indicating that increasing chlorine dose may enh
reaction between chlorine and NOM. As evident from the slope of the correlation curves, 
w
a
applied chlorine (< 20 mg/L) the chlorine demand per unit DOC increased with 
e concentrati  The reason r this behav  not clear, b
creasin bromide presen would be exp cted to lead eater formatio
ch, in r with th , may e the DOC more 
eactive to chlorine. W th the lowes pplied chlori e dose (10 m
was not ted line th the c ine demand, but a 
emi-logarithmic relati ship was evi nt, as shown  Figure 8.1. O possible reaso
n of c  becaus rine ser as not only the 
ubstitution reagent bu also an oxida  during chlor ation. At a lo lorine to DO
ed thro idation  unreacted due to 
he limitation of availab e free chlorin The values fo the intercepts shown in Tab
ption from r substances in water,
 and bromide concentration. 
 
 and chlorine dose, the consumAt a constant NOM concentration
found to increase linearly with the initial 
consistent. F
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chlorine is needed in reaction with bromide ions producing one mole of HOBr/OBr-. 
(1980), which means that more than one mol of HOCl will be 
- -
ption.  
Further, in real waters some degree of “bromide recycle” occurs as suggested by 
Sweetman and Simmons 
needed to oxidise each mole of Br  to HOBr/OBr . One explanation for the discrepancy 
may be that not all bromide ions could be oxidised completely to the hypobromous form 
by chlorine in the presence of a complex mixture of organic and inorganic matters. In 
addition, when a lower dose of chlorine was applied (10 mg/L and 12 mg/L) in samples 
with an initial DOC concentration of 1 and 2 mg/L, no significant changes in chlorine 
consumption were found with increasing bromide concentration (Figure 8.2(b)).  In 
theory the chlorine consumption increases monotonically with the increase of initial 
bromide concentration. However, the inconsistent trend found in samples containing 
lower DOC concentrations and at lower chlorine doses may be attributed to precursor 
limitations. Under such conditions, bromine is more competitive than chlorine in DBP 
incorporation. Therefore, although an increasing bromide concentration consumes more 
chlorine in oxidation, the chlorine consumption with NOM reduced, resulting in less 
change of net chlorine consum
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Figure 8.1 The correlation between initial DOC concentration and chlorine 
consumption at ambient bromide concentration (CD – Chlorine Dose)  
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Figure 8.2 The correlation between initial bromide concentration and chlorine 
consumption at a chlorine dose of (a) 20 mg/L and (b) 12 mg/L (D1 – initial DOC 
concentration of 1 mg/L)  
 
 
Table 8.1 The correlation between initial DOC concentration and chlorine consumption 
                      Cl2 
  Br2 
20 (mg/L)* 16 (mg/L) 12 (mg/L) 10 (mg/L) 
Am** 
(2.36, 0.52)*** 
Linear 
(1.87, 1.66) 
Linear 
(1.64,1.28) 
Linear 
(3.27, 2.55) 
semi-Logarithmic 
Am + 0.12 (mg/L)    
) 
Linear 
(1.93, 1.62) 
Linear 
(1.72, 1.18) 
Linear 
(3.48, 2.64) 
semi-Logarithmic 
(2.36, 0.71
Am + 0.24 (mg/L)    
(2.35, 0.95) 
Linear 
(1.92, 1.74) 
Linear 
(1.69, 1.37) 
Linear 
(3.45, 2.72) 
semi-Logarithmic 
Am + 0.48 (mg/L)    
(2.32, 1.45) 
Linear 
(1.95, 1.80) 
Linear 
(1.78, 1.22) 
Linear 
(3.54, 2.84) 
semi-Logarithmic 
Am + 0.96 (mg/L)    
(2.34, 1.42) 
Linear 
(2.04, 1.70) 
Linear 
(1.90, 1.05) 
Linear 
(3.73, 2.83) 
semi-Logarithmic 
Am + 1.44 (mg/L)    
(2.32, 1.68) 
Linear 
(2.11, 1.67) 
Linear 
(1.96, 0.97) 
Linear 
(3.92, 2.76) 
semi-Logarithmic 
* [Cl]0 : concentration of chlorine (mg/L as Cl2) 
** Ambient (0.024 mg Br-/mg C) 
*** (a, b): a is the slope, b is the intercept 
 
Chapter 8      
 
 The Impact of Chlorine Dose, NOM Amount and Bromide Ion on DBP Formation 
172
g/L (D1), 
ormation of total DBP was lower by 30% when the chlorine dose reduced from 
ol/L (20 to 16 mg/L), while the DBP levels with lower chlorine doses 
 12 mg/l) were not consistently lower. For samples with initial DOC 
g/L and 4 mg/L (D2, D3, D4), the DBP formation at a 
chlorine dose of 0.23 mmol/L (16 mg/L) was 80% of the formation when a chlorine 
dose of 0.28 mmol/L (20 mg/L) was used. At the other two lower chlorine dose levels, 
the DBP formation further reduced by up to 35% for D2, and 50% for D4, of the yield 
produced by the chlorine dose of 0.23 mmol/L. It is clear that the influence of applied 
chlorine dose was greater in terms of total THM and HAA formation at higher initial 
DOC concentrations.  
 
As for the two DBP groups, the THAA formation from DOC concentration of 2 to 4 
mg/L monotonically increased with chlorine dose, while the TTHM yield fluctuated 
 
a chlorine dose of 0.17 
mmol/L (12 mg/L), rather than at the lowest chlorine dose of 0.14 mmol/L (10 mg/L). 
 
With excess chlorine present, the formation of TTHM and THAA increased with the 
addition of NOM. To examine the reactivity of NOM at different DOC concentrations 
in terms of DBP formation, the formation was normalised as the yield per unit DOC 
(umol/mmol C), referred to as the specific DBP yield, as explained in the previous 
chapters. It can be seen from Figure 8.3(b), that D1 had the highest specific yield of 
total DBP, TTHM and THAA when the chlorine dose of 0.28 mmol/L was applied, 
followed by D2 and D3. The specific yields from D1, D2 and D3 were similar at the 
other three chlorine dose levels. When the two highest chlorine doses were applied, the 
TTHM and THAA specific yields from samples with initial DOC concentrations of 4 
mg/L and 5 mg/L (D4, D5) were slightly less than those from D1, D2 and D3. The 
with the changes in chlorine dose. An exception was again found with D1, where the
lowest yields of both TTHM and THAA corresponded to 
concentrations of 2 mg/L, 3m
(10 and
0.28 to 0.23 mm
the f
8.4.2 Total THM and HAA formation  
8.4.2.1 The effect of chlorine dose and initial DOC concentration (at constant ambient 
bromide concentration)  
In general terms, and as expected, the formation of total DBP (TTHM+THAA), as a 
total concentration (µmol/L), increased with the applied chlorine dose and initial DOC 
concentration (Figure 8.3(a)). At the lowest initial DOC concentration of 1 m
 
Chapter 8       The Impact of Chlorine Dose, NOM Amount and Bromide Ion on DBP Formation  
differences among samples with different initial DOC concentration were more notable 
for specific THAA yield and specific total P yield when a low chlorine dose was 
used. There was no obvious difference observed with various DOC concentrations in 
terms of specific TTHM yield. 
 
8.4.2.2 The effect of initial bromide concentration 
To illustrate the effect of initial bromide concentration on DBP formation, the TTHM 
and THAA yields, and their sum, produced samples with initial DOC concentration 
of 1 mg/L, 3 mg/L and 5 mg/L are plotted against different initial bromide concentration 
and chlorine dose, as displayed in Figure 8.4. TTHM formation increased with the 
increasing concentration of bromide, which  found at all four different chlorine dose 
levels, with the effect more pronounced at r chlorine doses. In contrast, there was 
no consistent trend of THAA formation with increasing bromide concentration; 
however, the initial bromide concentration much less influence on THAA yield as 
compared to TTHM. Under most condition e yield of THAA exceeded the TTHM 
yield, while exceptions were observed in sa er DOC concentration (D4 
and D5) and lower chlorine doses. 
 
When examining the impact of bromide on specific DBP formation from NOM 
containing different amounts of DBP precursors, it is consistent to normalise the 
bromide concentration with respect to the concentration of DOC (umol/mmol C). The 
specific yield of THAA and TTHM formed at two chlorine doses (12 and 20 mg/L), and 
for all the DOC concentrations (D1 – D5), are plotted as a function of the bromide to 
DOC ratio in Figure 8.5. The specific THA  generally decreased with increasing 
bromide to DOC ratio at a chlorine dose of 0.28 mmol/L (20 mg/L) (Figure 8.5(b)), 
while at the lower chlorine dose of 0.17 mmol/L (12 mg/L) (Figure 8.5(d)), the specific 
THAA yield increased with increasing bro o DOC ratio for samples with high 
DOC (D4 and D5). In general, for a given OC ratio, solutions with the 
lowest DOC (1 mg/L) appeared to be the m ctive in terms of specific HAA yield, 
whereas solutions with the highest DOC (5  appeared to be the least reactive. In 
contrast to the observed behaviour with specific THAA yield, an increasing bromide to 
DOC ratio consistently promoted the form f TTHM. However, the reactivity of 
NOM appeared to vary with its concentrati  the applied chlorine dose. Thus, for 
 DB
 by 
was
lowe
had 
s, th
mples with high
A yield
mide t
 bromide to D
ost rea
 mg/L)
ation o
on and
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samples dosed with a high chlorine level (0.28 mmol/L), D1 had the highest specific 
TTHM yield, followed by D2, D3, D4 and D5, while the opposite variation with DOC 
concentration was evident with lower chlorine dose (0.17 mmol/L) (D4 and D5 were the 
most reactive). These inconsistent trends in DBP formation with DOC and applied 
chlorine dose are believed to reflect the complex nature of the interactions and reaction 
kinetics between the NOM, bromide and chlorine. 
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Figure 8.3 Total DBP yield and specific DBP yield from NOM with ambient bromide 
concentration (0.024 mg Br-/mg C)
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Figure 8.5 Specific TTHM and THAA yield from NOM spiked with a chlorine dose of 
(a,b) 20 mg/L and (c,d) 12 mg/L at various bromide to DOC levels.  
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8.4.3 Models for estimating total THM and HAA formation  
The formation of DBPs depends on both water quality and the operational parameters. 
In the past three decades, efforts have been made to establish DBP prediction models by 
using the nature of precursors and the operational parameters for DBP formation and 
DBP species distribution, as discussed in Chapter 2. Multivariate regression and a series 
of explanatory parameters including TOC, DOC, UV254, pH, temperature, bromide ion 
concentration, chlorine dose and reaction time have been commonly used in the 
development of previous DBP prediction models.  However, due to the complexity of 
mation reactions, the models built based on either field data or laboratory data 
are empirical, therefore are strictly site-dependent. In addition, in real water treatment 
er factors such as the variation in hydraulic conditions 
rrelation analysis was conducted 
rst between different explanatory parameters and total/specific DBP formation in order 
DBP for
and water distribution system oth
and interactions from the simultaneous variability of the water quality and operational 
parameters also have a significant effect on the formation of DBPs (Clark et al., 2001, 
Rodrigues et al., 2007). Thus, the application of such empirical models in DBP 
prediction for real water systems remains of limited value.  
 
As was discussed in the previous section, complex interactions exist between DOC, 
chlorine dose and bromide ion concentration in THM and HAA formation. To better 
understand the individual and the combined effects of the three parameters, models are 
proposed based on lab-scale data. The normalised chlorine dose ([Cl]0/DOC), the 
normalised initial bromide concentration ([Br-]/DOC), the ratio of bromine to chlorine, 
chlorine consumption ([Cl]c) and average free available chlorine ([Cl]af) are also 
introduced as potential explanatory parameters, since these parameters more directly 
reflect the interactions among the three basic parameters. The average free available 
chlorine ([Cl]af) used here is defined as the average of the chlorine dose and the residual 
free available chlorine, which is used because the available chlorine changes with time 
and thus is difficult to monitor every moment. A co
fi
to choose proper estimators for the model. It should be noted that the models developed 
here are simply for studying the relationship among the three abovementioned 
parameters in THM and HAA formation, rather than creating additional empirical 
models for THM and HAA prediction. 
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8.4.3.1 Total THM and HAA formation 
Results from the bivariate correlation and partial correlation analysis between the 
parameters and total DBP formation are shown in the Appendix. Initial DOC 
concentration and chlorine consumption are highly correlated to the formation of both 
THM and HAA (Table A-6). Chlorine dose is poorly correlated to the total DBP 
formation, with an average correlation coefficient of 0.4. When the initial DOC 
concentration is kept constant, as can be seen from Table A-7, the correlation 
coefficients of chlorine dose increase to 0.52 for THM formation and 0.7 for HAA 
formation. This suggests that initial DOC concentration has a negative covariate effect 
on chlorine dose in terms of DBP formation. The average free available chlorine ([Cl]af), 
however, is found to be weakly correlated to both DBP yield only when the initial DOC 
concentration is kept constant. The good correlation observed between initial DOC 
concentration and chlorine consumption, the latter of which is a function of initial DOC 
concentration, indicates that the initial DOC concentration is the dominant parameter in 
determining the yield of THM and HAA, provided excess chlorine is present.  
 
No correlation was found between initial bromide concentration and total HAA yield or 
total DBP yield, while a weak correlation (correlation coefficient = 0.27) occurred with 
total THM formation. The normalised bromide concentration was negatively correlated 
 THM and HAA yield, to an extent of 0.28 and 0.42 respectively. The ratio of initial to
bromide concentration to average free available chlorine ([Br-]/[Cl]af) has a weak 
correlation to total THM formation, and no correlation can be found for the ratio of 
initial bromide concentration to chlorine dose ([Br-]/[Cl]0) and the total THM formation. 
In the case of a constant DOC (Table A-7(a)), [Br-]/[Cl]0 and [Br-]/[Cl]af are shown to 
correlate weakly with TTHM and THAA yield.  
 
Two types of linear regression models were selected for estimating the formation of 
TTHM and THAA. A logarithmic linear regression model is used when significant 
interactions existed between estimators, while a simple linear model is used for 
estimators having few interactions. The simple linear regression model and the 
logarithmic linear regression model can be expressed as follows: 
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Total DBP formation = a + b × CD + c × DOC + d ×  CC + e × [Br-] + f × ([Br-]/DOC)                      
Eq. 8.1       
 
l                    
.
 
where a is a constant; b,c,d,e and f are the es D and CC stands
c nd
 
he estimators for each model are selected based on the results from a correlation 
nalysis. To avoid the occurrence of multi-collinearity, only one of the estimators was 
 
In the simple linear regression model, three basic parameters (chlorine do l DOC 
concentration and initial bromide concentra tely expla ormation 
of total THM, whereas ing chlorine consumption as an estimator, and 
without DOC (because of collinearity), gave the highest correlation coefficient for total 
HAA formation (Table 8.2). A logarithm odel was better in 
predicting both tota orm ear 
regression model, since it effectively accounts existing between the 
estimators, as evident in the results from a factorial ANOVA (analysis of variance). An 
example is displayed in Figure 8.6, where the ated marginal means (the means for 
one level of an tor averaged ac  all levels of the other factor) of total 
DBP formatio ith different oncentrations are p gainst the 
chlorine dose. For total THM formation (F .6(a)), the pattern onse with 
different chlorine doses was similar at all five DOC levels, suggesting that the effect of 
chlorine dose on total THM formation independent of the initial DOC 
concentration. However, for total HAA form he curves for D4 and D5 crossed the 
other curves at low chlorine doses, indica ere are inter s existing 
between the chlorine and initial DOC concentr ition, the effect of 
igures 8.7 and 8.8 display the effectiveness of the simple and logarithmic linear 
odels, respectively, for the prediction of total THM and HAA formation. Under 
n(total DBP formation) = ln(a) + bln(DOC) + cln(CD) + dln(CC) + eln([Br-])                 
Eq  8.2 
timated coefficients. C  for 
hlorine dose a  chlorine consumption respectively. 
T
a
used in the model if any of them were highly correlated with each other.  
se, initia
tion) can adequa in the f
 a model contain
ic linear regression m
l THM and HAA f ation as compared to the single lin
for the interactions 
estim
 independent fac ross
n from samples w  DOC c lotted a
igure 8 of resp
 was 
ation t
ting that th action
ation. Under this cond
chlorine on HAA formation changed because of the higher concentration of DOC.  
 
F
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certain conditions, both types of models tend to underestimate the formation of THM 
but overestimate the HAA formation. 4 summ lues 
that failed to be explained by the models. For HAA formation, the outliers are those 
samples with entrations an r doses of chlorine, onding to 
t ions stimators int ith each other. The  from the 
THM formatio e visible (lyi er away from the 1:1 diagonal line). 
The appearanc may be attrib  the effect of brom centration 
and its interac er two estima hich is much less apparent for HAA 
formation.  
 
8.4.3.2 Specific DBP formation  
DBP formation, a very weak correlation was 
evident between chlorine consumption and  while no correlation 
exists between chlorine consumption and ge 
free available chlorine is shown to be highly correlated to the specific DBP yield, with a 
correlation coefficient of 0.62 for specific TTHM yield and 0.81 for specific THAA 
yield.  The correlation of chlorine dose to specific DBP yield is higher than that to total 
DBP yield, whereas initial DOC concentration is negatively correlated to the specific 
DBP yield; the strength of the correlation was much weaker for the specific DBP yield 
as compared to that for total DBP yield. At a constant chlorine dose, the negative 
correlation of DOC concentration with specific DBP yield increased, particularly for 
specific THAA yield. The initial bromide concentration ([Br-]) was found to have a 
moderate correlation with specific TTHM yield, while the ratio of [Br-]/[Cl]af was a 
better estimator for specific THAA yield. The correlation coefficients of [Br-],            
[Br-]/[Cl]0 and [Br-]/[Cl]af with specific DBP yield were observed to be unvarying, with 
or without the initial DOC concentration kept constant (Table A-9), suggesting that the 
effect of bromide concentration or the ratio of bromine to chlorine on specific DBP 
yield is independent of the initial DOC concentration. 
 
The attempt to fit the data for the specific TTHM and THAA yield to the two types of 
linear regression models failed, since the correlation between the estimators and the 
specific TTHM or THAA yield was not linear. Also, strong interactions were observed 
among the estimators of the specific TTHM or THAA yield as well. As can be seen 
 Tables 8.3 and 8. arise the outlier va
higher DOC conc d lowe corresp
he condit  where the two e eract w outliers
n model are mor ng furth
e of the outliers uted to ide con
tion with the oth tors, w
In contrast to the correlation with total 
 specific THAA yield,
specific TTHM yield (Table A-8). Avera
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from Figure 8.9, the interaction between chlorine dose and initial DOC concentration on 
specific TTHM yield is stronger than that for specific THAA yield; i.e. for specific 
TTHM yield the lines are crossed, while the lines tend to be parallel for specific THAA 
yield, which means the effect of chlorine dose on specific THAA yield is less 
influenced by the variation in initial DOC concentration. With regard to specific TTHM 
yield, the pattern of response with different chlorine doses is similar for the two samples 
with the highest DOC concentration (D4 and D5), while a similarity for D2 and D3 only 
appeared at low chlorine doses. Further investigation shows that the effect of initial 
bromide concentration on specific TTHM yield is independent of chlorine dose 
provided that the spiked bromide concentration was less than 0.96 mg/L. A dramatic 
increase in specific TTHM yield was observed for samples containing higher bromide 
concentrations and dosed with low concentrations of chlorine, particularly for samples 
with high DOC concentration. The variati
igher 
hlorine dose range (≥ 12 mg/L), no significant changes can be found in the pattern of 
response of specific THAA formation with different chlorine doses when bromide was 
present in water (Figure 8.9(b)). In contrast changes mostly occurred with samples that 
have a high DOC concentration and are dosed with a low concentration of chlorine, 
suggesting that the effect of bromide may be intensified/changed. 
 
 It is well known that the chlorination of NOM is a complicated reaction, where other 
chlorinated by-products are formed apart from THMs and HAAs. Chlorine has been 
reported to act firstly as an oxidant to break down the aromatic structures and double 
bonds, followed by reaction through addition or substitution reactions (Ichihashi et al., 
1999, Hua et al., 2006). However, the substitution ability of bromine is an order of 
magnitude greater than chlorine, thus a very small amount of bromine may cause a 
significant difference in both DBP yield and species distribution. W  excess chlorine, 
the influence of bromine is suppressed since petitive to bromine 
ne and bromine 
are comparable to each other, resulting in a change of the dominant DBP species 
(THMs or HAAs). In addition, the initial DOC concentration determines the amount of 
free available chlorine and the ratio of bromine to chlorine, thus it can also alter the 
effect of bromide.  
on of specific THAA yield changes with 
chlorine dose was more consistent at different initial DOC concentrations.  At a h
c
ith
 chlorine can still be com
in substitution reactions after aromatic structure cleavage. On the other hand, the 
influence of bromine becomes predominant when the amounts of chlori
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Table 8.2 Prediction model for total DBP formation  
Model Type Model Expression R
2 
TTHM1 = -0.533 + 4.241 × DOC + 2.585 × CD + 0.019 × [Br-]  0.89 
TTHM2 = -0.173 + 12.675 × CC - 0.12 × [Br-]                             0.87 
THAA1 = -0.752 + 5.055 × DOC + 5.216 × CD                            0.84 
Simple linear 
THAA2 = -0.399 + 2.388 × CD + 15.826 × CC - 0.015 × [Br-]     0.91 
TTHM3 = 7.311 × DOC0.873 × CD0.461 × [Br-]0.086 0.93 
THAA3 = 13.366 × DOC0.776 × CD0.643 × [Br-]-0.018 0.91 
Logarithmic 
linear 
THAA4 = 12.882 × CD0.305 × CC0.983 × [Br-]-0.054 0.92 
 
 
Table 8.3 Outliners of simple linear regress or TTHM1 and THAA2 
 Outliners Observed Value Estimated Value 
ion models f
  (CD2, D4, Br5)* 1.978 1.569 
(CD2, D4, Br6) 2.139 1.684 
(CD2, D5, Br5) 2.266 1.831 
(CD2, D5, Br6) 2.554 2.043 
(CD3, D5, Br5) 1.469 1.960 
(CD3, D5, Br6) 1.657 2.074 
(CD4, D3, Br2) 1.794 1.301 
(CD4, D3, Br4) 1.793 1.387 
TTHM 
(CD4, D3, Br6) 2.065 1.616 
(CD1, D4, Br2) 1.035 1.574 
(CD1, D4, Br3) 1.035 1.566 
(CD1, D4, Br4) 1.036 1.575 
(CD1, D4, Br5) 1.036 1.567 
(CD1, D4, Br6) 1.007 1.563 
(CD2, D5, Br1) 1.534 2.065 
(CD2, D5, Br2) 1.592 2.114 
THAA 
(CD2, D5, Br3) 1.571 2.105 
* (CD2, D4, Br5) represents the second lowest level of chlorine dose (12 mg/L); second 
highest level of initial DOC concentration (4 mg/L) and second highest level of bromide 
(spiked with 0.96 mg/L bromide) 
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Table 8.4 Outliners of logarithmic linear regression models for TTHM3 and THAA4 
 Outliners Observed Value Estimated Value 
(CD2, D4, Br6) 2.138 1.591 
(CD2, D5, Br6) 2.570 1.936 
(CD3, D5, Br4) 1.479 2.036 
(CD4, D3, Br2) 1.778 1.309 
TTHM3 
(CD4, D3, Br6) 2.042 1.564 
(CD1, D4, Br2) 1.035 1.504 
(CD1, D4, Br3) 1.035 1.480 
(CD1, D4, Br4) 1.036 1.483 
(CD1, D4, Br5) 1.036 1.500 
THAA4 
(CD1, D4, Br6) 1.007 1.538 
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Figure 8.6 Estimated marginal means of (a) total THM and (b) HAA formation at 
different chlorine dose levels 
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Figure 8.7 The strength of simple linear regression models in predicting total THM and 
HAA formation (TTHM1 and THAA2) (circled points indicate outliers) 
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Figure 8.8 The strength of logarithmic linear ssion models in predicting total THM 
and HAA formation (TTHM3 and THAA4) 
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Figure 8.9 Estimated marginal means of specific (a) TTHM and (b) THAA yield at 
 
 
different chlorine dose levels 
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8.4.4 THM and HAA speciation 
ide concentration varied for samples 
ith different DOC concentration and chlorine dose. For D1 dosed with the highest 
8.4.4.1 THM species distribution 
Changes in initial bromide concentration can cause a shift from chlorinated THMs to 
brominated THMs. The extent of the shift is determined not only by the initial bromide 
concentration, but chlorine dose, initial DOC concentration and chlorination conditions 
(e.g. pH, chlorination time etc.) as well. To study the effect of initial bromide 
concentration on THM species distribution, the molar ratio of the four individual THM 
species to total THM formation is plotted against the initial bromide concentration 
(Figure 8.10). Without a bromide spike, TCM accounted for approximately 80% of the 
total THMs (molar ratio), followed by BDCM. The formation of DBCM was less than 
5% of the total THM formation. When increasing concentrations of bromide were 
spiked, chloroform monotonically decreased while bromoform monotonically increased, 
which was independent of either chlorine dose or initial DOC concentration. The extent 
of the changes in THM speciation with the brom
w
concentration of chlorine (20 mg/L), the BDCM peaked at a bromide concentration of 
3.3 µmol/L, accounting for 40% of the total THMs. With the highest concentration of 
bromide, the distribution of the four THM species were ranked as follows: DBCM > 
TBM ≈ BDCM > TCM. At lower chlorine doses (≤ 16 mg/L), as can be seen in the 
appendix, a similar trend was found for TCM and BDCM, while the ratio of DBCM 
decreased for bromide concentrations greater than 12.3 µmol/L. TBM increased more 
dramatically with increase of bromide concentration when a lower chlorine dose was 
applied. The distribution of THM species with other DOC concentrations (D2, D3 and 
D4) followed similar trends, although the peak formation of BDCM and DBCM were 
observed at different bromide concentrations (Figure A-1).  
 
It is clear that a higher ratio of brominated THM species were formed when a lower 
dose of chlorine was applied under the conditions of constant initial DOC and bromide 
concentration, indicating that the ratio of initial bromide concentration to chlorine dose 
([Br-]/[Cl]0) can be an important parameter determining the distribution of THM species. 
When the initial bromide concentration and chlorine dose were held constant, the 
percentage of brominated THMs formed out of total THM formation decreased with the 
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af
e ratio of [Br-]/[Cl]af rather than [Br-]/[Cl]0 is used because the former 
ccounts for the chlorine dosed as well as consumed, which is considered more 
erent conditions (in this study the initial 
ounts of chlorine was 
 lower amounts of chlorine. The higher value of BIF in 
ples dosed with a higher concentration of chlorine suggests that the increase in 
TTHM-Br is more significant than the increase in TTHM-Cl, which further confirms 
that the bromine incorporation is preferred when excess chlorine is present.  
 
However, at constant [Br-]/[Cl]af and chlorine dose, less bromine was found to be 
incorporated into THM for samples with higher initial DOC concentration, which may 
be attributed to precursor limitations at relatively lower initial DOC concentrations; this 
is explained as follows. A greater initial DOC concentration means more active sites are 
available for halogen incorporation. When limited active sites are available, the 
competition between bromine and chlorine is intensified, resulting in the preferential 
incorporation of bromine over chlorine. As can be seen from Figure 8.12, the 
incorporation of bromine into THM is independent of the initial DOC concentration at 
DOC and bromide concentrations were varied). At a constant chlorine dose and initial 
DOC concentration, the BIF increased with increasing [Br-]/[Cl]af indicating that 
bromine is a stronger agent in substitution than chlorine. For samples with the same 
initial DOC concentration and [Br-]/[Cl]af ratio, a slightly higher value of BIF was 
observed for samples dosed with a higher concentration of chlorine. The difference in 
BIF among samples dosed with different amounts of chlorine became more prominent 
when the initial DOC concentration increased. To keep [Br-]/[Cl]af constant, the 
numerator needs to change with the denominator, which means that in these tests the 
initial bromide concentration of samples dosed with greater am
increase of initial DOC concentration, suggesting that the ratio of bromide to DOC  
([Br-]/DOC) may influence the bromine incorporation as well.  
 
8.4.4.2 Bromine incorporation factor of THM 
To better explain the changes in bromine incorporation behaviour with the ratio of 
bromine to chlorine and the ratio of initial bromide to DOC concentration, the bromine 
incorporation factor (BIF) is plotted as a function of the ratio of initial bromide 
concentration to average free available chlorine ([Br-]/[Cl] ), as displayed in Figure 
8.11.  Here, th
appropriate for comparing the BIF under diff
a
sam
greater than those dosed with
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low bromide to chlorine ratios ([Br-]/[Cl]af < 30) (i.e. no precursor limitations), whereas 
the chlorine incorporation is significantly enhanced with greater initial DOC 
concentrations; and correspondingly the BIF decreases with greater initial DOC 
concentrations.  
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Figure 8.11 Variation of bromine incorporation factor for THM with [Br-]/[Cl]af ratio 
for different chlorine doses and initial NOM concentrations (as DOC) of (a) 1 mg/L (b) 
4 mg/L 
 
 
 
Figure 8.12 
[B
Variation of (a) bromine and (b) chlorine incorporated into THM with   
r-]/[Cl]af ratio for samples dosed with a chlorine concentration of 16 mg/L 
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8.4.4.3 HAA species distribution 
The water sample under investigation contained slightly more tri-HAA precursors than 
ide concentration, although the values were effectively constant 
ide concentrations greater than 5 µmol/l.  
with increasing DOC concentration. The mole fraction of BCAA also increased 
di-HAA precursors. Without a bromide spike, the average formation of tri-HAA and di-
HAA from different concentration of DOC accounted for 53% and 45% of total HAA 
formation respectively (Figure 8.13). The ratio is fairly stable at all four chlorine dose 
levels. Mono-HAA was found to increase with the increase of bromide concentration at 
a chlorine dose of 10, 12 and 16 mg/L. A different behaviour was observed in samples 
with a chlorine dose of 20 mg/L, whereby the ratio of mono-HAA decreased when a 
low concentration of bromide was spiked. At a chlorine concentration of 10 mg/L the 
ratio of tri-HAA slightly decreased with the increase of bromide concentration, while 
the ratio of di-HAA remained constant. However, at the three higher chlorine dose 
levels, the mole fraction of tri-HAA slightly increased, while the di-HAA fraction 
decreased, with brom
for brom
 
The impact of bromide concentration on individual HAA species distribution is 
influenced by both chlorine dose and initial DOC concentration, as can be seen in 
Figure A-2 (in Appendix) in terms of the molar fraction of each species with respect to 
the total HAA formation. MCAA was only formed when samples were dosed with the 
highest chlorine concentration (20 mg/L), and concentrations were very low; under 
these conditions the MCAA concentration decreased with an increase in both initial 
DOC and bromide concentration (Figure 8.14). MBAA was formed in relatively small 
concentrations in all samples and the concentration was found to increase with 
increasing initial bromide concentration in samples with different initial DOC 
concentration and chlorine dose; these results are consistent with bromine being a much 
stronger agent in substitution reactions than chlorine assuming that MCAA and MBAA 
are formed from the same precursors. The molar fraction of two chlorinated HAA 
species, DCAA and TCAA, decreased monotonically with the increase of bromide 
concentration, while the three brominated species, MBAA, DBAA and TBAA, 
increased with the increase of bromide concentration. The formation of BDCAA 
initially increased and then decreased with increasing bromide concentration, and the 
bromide concentration corresponding to the maximum BDCAA appeared to increase 
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substantially to a maximum with increasing bromide, but remained relatively constant at 
bromide concentrations greater than that corresponding to the maximum. CDBAA 
rmation increased systematically with increasing bromide concentration, and for the 
 the greatest 
f the HAA species under nearly all DOC and chlorine dose conditions. In summary, 
demonstrate that with increasing bromide concentration there is a greater 
proportion of bromine incorporated HAA species formed relative to chlorine 
corporated species, under conditions of a particular initial DOC concentration and 
reasing initial DOC concentration for a given             
r-]/[Cl]af and chlorine dose (see Figure A-4). 
fo
highest bromide range considered, 10-20 µmol/L, CDBAA formation was
o
the results 
in
chlorine dose.  
 
8.4.4.3 Bromine incorporation factor of HAA  
Similar to the trends found for BIF in THM formation, the BIF of HAA formation 
increased with increasing [Br-]/[Cl]af at a constant chlorine dose and initial DOC 
concentration (Figure 8.15). In addition, for a given [Br-]/[Cl]af value, a greater value of 
BIF was observed for samples dosed with a higher concentration of chlorine. However, 
in comparison to the BIF of THM formation, the difference in BIF of HAA was greater 
for samples dosed with different concentrations of chlorine at constant [Br-]/[Cl]af. As 
was observed with the BIF of THM formation, the BIF of HAA was also found to 
decrease systematically with inc
[B
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Figure 8.14 Variation of HAA species distribution with  
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Figure 8.15 Variation of bromine incorporation factor for HAA with [Br-]/[Cl]af ratio 
for different chlorine doses and initial NOM concentrations (as DOC) of (a) 1 mg/L, (b) 
 mg/L 
8.4.5 The mass balance of bromine and chlorine 
To estimate the effectiveness of bromine/chlorine incorporation, a mass balance of 
bromine and chlorine has been attempted. Due to the limitations of bromide detection, 
not all samples contained measurable concentrations of residual bromide. As shown in 
Table 8.5, the bromide consumption (∆Br) increased as a function of initial DOC 
concentration and initial bromide concentration, while the influence of chlorine dose 
was inconclusive but suggested a direct relationship between ∆Br and chlorine dose, 
since only two chlorine doses were employed due to time constraints. In the range of the 
three highest spiked bromide concentration , the average amount of bromine 
he 
with the initial bromide 
oncentration for the lower chlorine dose applied (Cl2 = 12 mg/L), while there was no 
tage of bromine 
incorporated into HAA was observed to increase with the increasing bromide 
concentration at both chlorine doses. The percentage of b  incorporated into the 
sum of THM nd HAA (Total-Br as generally in t e of 40-60%, but did 
not appear to show any consistent correlation with  dose, initial DOC 
concentration or bromide concentration. An average of 47% and 51% of initial bromide 
oncentration was incorporated into the two DBP species at the chlorine dose of 12 
g/L (0.17 mmol/L) and 20 mg/L (0.28 mmol/L), respectively.  
4
 
s
incorporated into HAAs was slightly higher than that incorporated into THMs. T
ercentage of bromine incorporated into THM increased p
c
clear trend for the higher chlorine dose (Cl2 = 20 mg/L). The percen
romine
 a /∆Br) w he rang
chlorine
c
m
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parison to bromine, less than 5% of consumed chlorine was incorporated into 
rination tests. The percentage of chlorine 
incorporated into DBP species dramatically decreased with increasing bromide 
concentration, to less than 2% for the maximum amount of bromide spiked. This 
behaviour suggests that the presence of bromide actively competes with chlorine for 
sites within the organic substrate amenable to substitution reactions in forming THMs 
or HAAs. 
 
Figure 8.17 displays the relationship between the ratio of bromine to chlorine 
incorporated into DBP species (DBP-Br/DBP-Cl) and the ratio of initial bromide 
concentration to chlorine consumption ([Br-]/CC) for different NOM concentrations. 
The ratio of bromine to chlorine incorporation increased with the rise of [Br-]/CC value 
in the range of 0 to 150 µmol/mmol. In this range, both parameters (DBP-Br/DBP-Cl 
and [Br-]/CC) were closely correlated under different conditions since the variable, 
chlorine consumption, accounts to some extent for the difference in initial DOC 
concentration and chlorine dose. The correlation was less good at higher [Br-]/CC 
values and particularly for samples with low initial DOC concentration, which might be 
attributed to the precursor limit (NOM), as discussed earlier. At a [Br-]/CC value of 
approximately 100 µmol/mmol, an equal amount of bromine and chlorine appeared to 
be incorporated into THM and HAA species. Assuming 66% of the initial bromide 
concentration (average estimated from Table 8.5) was consumed during chlorination, 
the relative substitution reactivity of chlorine to bromine is nominally in the ratio of 
1:15. 
 
either THMs or HAAs (Figure 8.16) in the chlo
In com
 
C 
8.4.6 Model of THM and HAA speciation 
8.4.5.1 Model of HAA speciation 
Cowm
used the ratio of
difference between the chlorine d
brom
distribution of individual HAA 
The equation was derived based on the following three assum
subgroup of HAA, the individual HAA species are form
pathways; (2) the probability of form
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an and Singer (1996) were the first to develop a HAA speciation model, which 
 initial HOBr to HOCl concentration (HOCl was calculated as the
ose and the moles of HOBr from reaction with
ide) as the estimator for halogen substitution, and probability theory to describe the
species within the subgroups of mono-, di- and tri-HAA.
ptions: (1) in each 
ed through the same chemical 
ation of
function only of the designated estimator; (3) the mole fraction of total HAAs present as 
mono-, di-, or trihalogenated species rem ide 
concentration. 
 
The original model was developed based on th  the chlorination of 
extracted humic substances. The chlorination was carried out at pH 8 and 20 0C for 24 
hrs, and the chlorine dose applied was twice the concentration of initial DOC 
concentration (on a weight basis). The model showed a good capability for estimating 
the distribution of HAA species within each HAA subgroup. However, several mixed 
halogenated HAA species (such as BCAA an ated due to 
non-completion of the halogenation reaction, ation of higher bromine 
incorporated species are expected to be grea e formation of higher chlorine 
incorporated species in the first 24 hrs. In addition, the original model used the ratio of 
HOBr to HOCl as the estimator, which did not take the effect of initial DOC 
concentration into consideration. In the chlorination reactions, the preference of halogen 
substitution depends on the amount of halogen ount. 
Thus, when chlorine is dosed into water sam dation rapidly with 
NOM and other inorganic substrates which ex rine demand; therefore the 
residual chlorine during and after oxidation is r substitution. 
The available bromine, on the other hand, de
of Br- to HOBr, which is mainly determined by  the chlorine dose to bromide 
concentration. Thus, to enhance the compatibility of the original model, three main 
 a particular species within a group is a 
ains constant with varying brom
e data derived from
d BDCAA) were overestim
where the form
ter than th
available rather than the initial am
ples, it undergoes oxi
ert a large chlo
 the available chlorine fo
pends on the effectiveness of the oxidation 
the ratio of
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variables – chlorine dose, initial DOC concentration and initial bromine concentration - 
have been included in the estimator.  
 
The equations for estimating HAA speciation can be described as follows:  
 
Assuming: ;;1 αβ== BrCl pp  
;
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where, represents the probability of one lecule of chlorine incorporated into a 
molecule of HAA species; represents the probability of one molecule of bromine 
incorporated into a molecu  HAA specie
Clp  
Brp  
le of β  is the estimator for the difference in 
reactivity between bromine and chlorine the impact of initial DOC on the 
difference;
and 
α represents other unknown factors contributing to the difference; b, c, d are 
the index of initial bromide concentration, chlorine dose and initial DOC concentration 
respectively. In these expressions, the unit of bromide concentration and HAA is 
µmol/L, while the unit of chlorine dose and initial DOC concentration is mmol/L. The 
mono-HAA sub-group was not included in odel, since the formation of MCAA 
and MBAA is determined by other more com ated factors even though they may be 
formed from the same precursors.  
 
Table 8.6 displays the estimated values the parameters calculated from the 
experimental data by a mathematic softwar ng an iterative arithmetic method, in 
which the initial values of the parameters are required. The form of the estimator -
the m
plic
of 
e usi
76.03.0
0
024.0 )][
][()
][
][(
][
016.0
DOC
Br
Cl
Br
DOC
−−
⋅⋅ 526.0292.0
0
14.0 )][
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016.0
DOC
Br
Cl
Br
DOC
−−
⋅⋅  for  for THM and 
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HAA indicates that the ratio of initial bromide to DOC concentration is a more 
nt in HAA speciation than the ratio of bromide concentration to 
Fig
poi
In g
HA
and
con
mo
app
com
con samples with a high 
lim
8.4
The
spe
TH
pat r species is a function only of 
 
tha
bro
rati
spe
are odel equations appeared to predict fairly well the 
experimental data for TCM and BDCM (Figure 8.19), but tended to overestimate 
DBCM and underestimate TBM in the high bromide concentration region. In a certain 
category, the overestimation of lower bromine incorporated species and underestimation 
important determina
chlorine dose. Some results of the model for two DOC concentrations are displayed in 
ure 8.18 and 8.19, in which the lines represent the model equations and the data 
nts represent the observed experimental data.  
 
eneral, the model equations were found to more closely predict tri-HAAs than di-
As. More specifically the models tended to underestimate the formation of DBAA 
 CDBAA, while overestimate the formation of BCAA at higher bromide 
centrations. The discrepancies found between the estimated and observed data are 
re apparent in samples with lower chlorine doses. Different explanations may be 
lied for the change in halogen incorporation mechanism. At low chlorine doses, the 
petition between chlorine and bromine is greater for samples with low DOC 
centration due to the limitations of precursor sites, while for 
DOC concentration, the bromine incorporation is largely favoured owing to the 
itation of available chlorine.  
 
.5.2 Model of THM speciation 
 model equations for estimating tri-HAA speciation have also been applied to THM 
ciation, on the basis that the following two assumptions are met: (1) the individual 
M species are formed from the same precursors and through the same chemical 
hways; (2) the probability of formation of a particula
the designated estimator.  
It was expected that the equation for THM speciation would show a similar pattern as 
t used for HAA speciation. As displayed in Table 8.6, the estimated index of initial 
mide to DOC concentration ratio is higher for THM than HAA, suggesting that the 
o of initial bromide to DOC concentration is a more significant determinant in THM 
ciation than in HAA speciation. The other estimated values of parameters for THM 
 the same as those for HAA. The m
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of higher bromine incorporated species observed in high bromide concentration region 
ction, suggests that the competition behaviour between 
chlorine and bromine for active sites may vary when high ratio bromine to chlorine 
ation of bromine is enhanced.  
 
Table 8.5 The proportion of available bromine incorporated into DBP species during 
DOC [Br-]0 
for both THM and HAA predi
present, under which conditions the incorpor
 
 
chlorination 
Chlorine 
dose 
(mmol/L) 
(mmol/L) (µmol/L) 
Br∆  
(µmol/L) 
Br
BrTHM
∆
−
 (%) 
Br
BrHAA −
∆
(%) 
Br∆
 (%) 
BrTotal − *
0.17 0.083 6.3 3.34 19.38 23.52 42.90 
0.17 0.083 12.3 3.69 22.63 23.06 45.69 
0.17 0.083 18.3 5.12 23.39 20.64 43.03 
0.17 0.250 6.9 6.27 21.34 26.44 47.78 
0.17 0.250 12.9 8.58 24.71 23.73 48.44 
0.17 0.250 18.9 12.45 24.79 17.26 42.05 
0.17 0.417 7.5 6.43 26.24 24.49 50.73 
0.17 0.417 13.5 11.08 29.56 20.38 49.94 
0.17 0.417 19.5 14.00 34.88 18.85 53.73 
0.28 0.083 6.3 3.34 25.26 21.57 46.83 
0.28 0.083 12.3 4.73 23.35 16.43 39.78 
0.28 0.083 18.3 5.06 24.78 19.76 44.54 
0.28 0.250 6.9 6.90 27.91 31.21 59.12 
0.28 0.250 12.9 8.44 34.54 29.87 64.41 
0.28 0.250 18.9 11.50 32.10 22.45 54.55 
0.28 0.417 7.5 7.50 24.10 30.02 54.12 
0.28 0.417 13.5 12.2 21.97 26.88 48.85 
0.28 0.417 19.5 15.15 24.81 24.29 49.10 
* Total-Br: total amount of bromine incorporated into THMs and HAAs 
 
 203
Chapter 8       The Impact of Chlorine Dose, NOM Amount and Bromide Ion on DBP Formation  
 
 
Figure 8.16 Variation of the proportion of chlorine incorporated into DBP species to 
the total chlorine consumed with [Br-]/DOC  
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Figure 8.17 Variation of the relative quantities of bromine and chlorine incorporated 
into DBP species with [Br-]/CC (CC: chlorine consumption) 
 
 
Table 8.6 The estimated parameter values for THM and HAA models 
 THM HAA 
α  0.016 0.016 
b  1.036 0.818 
c  -0.300 -0.292 
d  -0.760 -0.666 
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es (12, 16, 20 mg/l), while the correlation 
became logarithmical when a lower chlorine dose 10 mg/l) was used.  
ups is relatively constant with the changes in 
chlorine dose, initial DOC and bromide concentration.  
 The bromine incorporation factor of THM and HAA increased with increasing     
[Br-]/[Cl]af ratio at constant chlorine dose and initial DOC concentration. At constant 
[Br-]/[Cl]af ratio and initial DOC concentration, a higher value of BIF was observed 
for samples dosed with higher concentration of chlorine. The BIF was found to 
decrease with the increase in initial DOC concentration when [Br-]/[Cl]af and 
chlorine dose were held constant. 
• The formation of THAA increased with the increasing chlorine dose, while the 
formation of TTHM fluctuated with the increasing chlorine dose. The changes in 
DBP formation with chlorine dose were more prominent for samples with higher 
initial DOC concentration. Samples with higher DOC concentration had lower 
specific yields of HAA and total DPB (THM+HAA) than samples with low DOC 
concentration. However, no obvious difference was observed in samples with 
various DOC concentrations in terms of specific THM yield. Results suggest that 
HAA formation is more sensitive to the ratio of chlorine to DOC concentration, 
especially when limited chlorine is available for incorporation. 
• The presence of increasing bromide concentration caused an elevation in THM yield; 
however, the formation of HAA varied with the changes in bromide concentration.  
• An increase in bromide concentration causes a shift in DBP speciation from 
chlorinated species to more brominated incorporated species. The species 
distribution of both THM and HAA is controlled by the ratio of bromine to chlorine 
concentration and the ratio of bromine to DOC concentration. Further investigation 
shows that the ratio of bromine to DOC concentration is a more important 
determinant in determining the species distribution.  
• The distribution of HAA subgro
8.5 Conclusions 
• The initial DOC concentration was linearly correlated with the chlorine 
consumption at the higher chlorine dos
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9.1 Motivation of the Work and Contribution to Knowledge 
plexity of NOM composition and the analytical limitations in 
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tween the properties of NOM and HAA 
entially selecting the resin fractionation 
aracterisation. Firstly, HAA formation is 
ined by the chemical ch of NOM and a certain fraction composed of 
pounds having similar chemical characteristics may have a wide range of molecular 
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tion.  All three generic NOM fractions (i.e. hydrophobic, 
can b gnificant HAA contributors depending on their 
characteristics. Both algae cells and tabolic substances have been shown to be 
significant HAA precursors in this study. In one of the water sources studied with 
known algae problems, the reactivity and HAA for
hydrophilic fractions were similar to the results obtained from tests with cultured 
algae. This provides a good indication that the co tion of HAA from the algae can 
be estim ethods sim
prediction from c/hydrophilic fractions.  
 
Due to lity in the nature of NOM derived from different seasons and 
locations, it was expected that the interaction ine would also vary in its nature 
and extent. In agreement with other reported 
that no c elationships can be found between bromide concentration and total 
HAA yield for raw and treated bulk waters, however, there is evidence that the presence 
of bromide tends to depress the formation of HAA for hydrophobic fractions. Apart 
from the qualitative analysis, mathematical models were established to explore the 
significance of DOC concentration, chlorine dose and bromide concentration in HAA 
and THM (as a reference) formation and speciation. For the selected water source, both 
DOC concentration and chlorine dose were found to be the most important determinants 
in THAA and TTHM yield. However, the effect of each one of the two determinants on 
HA orm alter whe e other is within a certain concentration range, which 
ma s n contrast, the initial 
brom ith 
regard to HAA speciation, the incons BAA 
concentration resulting from the cha n implies that 
the formation mechanism of m HAA may be different from that of di- or tri-HAA. 
As a modification to the model proposed by Cowman and Singer (1996) for HAA or 
THM species distribution, the re  that the ratio of initial 
bromide to D ncentration s a more significant effect on HAA/THM speciation 
compared to the ratio of brom tion to chlorine dose. A detailed discussion 
of this is pro ollowing sections. 
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9.2.1 The role of NOM in HAA yield  
Table 9.1 summ
hapter 9                                                                                                           General Discussion 
211
M in HAA Formation 
he tion results and the reactivity of individual NOM 
fractions in term tion from previous research and this study. The 
charac  diffe  ratio of 
the hydrophobi action, transphilic fraction and hydrophilic fraction ranges from 23 -
78%, 7 - 33% and 8 -70 % respectively, for different freshwater sources including rivers, 
lakes and ground water (Chow et al., 2005). ainly 
derived from aterials, the hydrophobic fraction tends to be the major NOM 
component, with an average ratio of more th e extrem  
NOM was found to be the hydrophobic fraction  
hydrophobi s observed to be m ic content. 
In addition, am
smallest portion regardless of the NOM origin.  
 
Apart from the difference in NOM compositio e 
same chemical properties defined by the resin fractionation method, 
as well. It is clear that not only the hydrophobic fraction, but also the transphilic and 
hydrophilic fractions can contribute largely to the HAA precursor pool, depending on 
the nature of NOM. For waters having high SUVA values (SUVA ≥ 4 l/mg·m), HAA 
formation from the hydrophobic fraction, especially the HPOA, was overwhelmingly 
higher than  is because the HPOA fra  isolated from high 
SUVA waters com ic substances, with aromatic and 
unsaturated bonds in their structure, which is 
in the f t, HP edium SUVA 
value (2 ≤ SUVA < 4 l/ mg.m) produced a comparable amount of HAAs to the other 
NOM fractions, despite this fraction being a prominent HAA precursor because of its 
abundance in active sites. The HAA yield produced by HPON from waters with low 
SUVA value (< 2 l/ m .m) was much lower than that from hi UV aters. This is 
because the ma rs within HPON – tannin and hydrocarbons – are only 
abundant in terrestrial sources, and are generally found in wa
(Krasner et al., 1996); whereas, HPOB isolat
one and mines, readily s
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w to medium SUVA value, both transphilic and hydrophilic 
ilar amounts of HAAs compared to hydrophobic fractions. TPIA 
 autochthonous water sources were more reactive in 
A m HPIA and HPIN suggested 
the presence of beta-hydroxy acids (Hwang et al., 2000, Hwang et al., 2001); while a 
lower HAA for ostly from
which might be attributed to a large polysaccharide content in th raction (Bruchet et 
al.1987). The constituents of the HPIB fraction, such as peptides and amino acids, found 
mainly in autochthonous water sources were shown to be significant HAA precursors.  
 
HAA form vidual NOM fractions from wa  can be very 
different from parts from nventional water treatment 
processes hown to be effec oving highly arom
molecular w  those commonly present within the raction; 
therefore, the reactivity of HPOA in terms of HAA formation was found to reduce 
substantially after treatment. A relatively higher HAA formation was shown by HPON 
from the autochthonous source (this study) oval 
efficiency of HPON by coagulation/floccula  treatments reported in the literature 
(Hwang et al., 2001). In contrast, HAA precurs nin and lignin-
derived NOM were shown to be readily removed (Croue et al., 2000a). The removal of 
proteins, amino sugars, amino acids, peptides, etc., in transphilic and hydrophilic 
fractions is incomplete by conventional treatment processes (Lee er, 2004), hence the 
effectivenes  source to source. For the water 
considered in this study, the specific treatm ove more HAA 
precursors f pared to those from the transphilic 
fractions. 
 
Although the SUVA value is considered to correlate well with HAA formation and used 
widely as a surrogate in predicting HAA formation by water utilities, the results from 
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atic content. Similarly, chlorine consumption appears also to be a poor 
AA for
 
9.2.2 The role of NOM in HAA speciation 
No conclusive result was found as to wh inant for a certain 
NOM fra se the d  largely on the 
nature of the NOM (e.g. available active sites, the characteristics of precursors, etc.). In 
general, tri-HAAs are the primary HAA species formed from
value. However, waters that are m ophilic or with a low SUVA value may also 
comprise a greater amount of tri-H ors, as evident from
HAA species can be found with TPIN and HPIB isolated from autochthonous sources, 
as the main constituents of the two f , proteins, peptides, am  
been shown to be significant di-HAA precursors.  
 
9.2.3 Justification of resin fractionation and chlorination methods 
The technique of resin fractionation is an improved approach to explore the 
characteristics of NOM and their effect mation and speciation; however, it 
does have a s s of limitations. As suggested earlier by other r rchers (Croue et al., 
2000a, Chow et al., 2005), the extreme conditions used in the resin fractionation method 
may alter the characteristics of isolated fractions. In addition, the results presented in 
Table 9.1 indicate that a fraction isolated from the NOM of one particular source water 
cannot represent the reactivity of that fraction derived from
from the sam lely 
ethod will not enable
aters.  
entioned limitations, the fractionation method provides qualitative 
ation about the reactivity of individual NOM fractions with regard to HAA 
ation a ting to the source and seasonal vari
itio h as S ine consum
er ratio of HAA yield to chlorine 
IA suggests that chlorine consumption 
m
istri
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buti
n.  
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of HAA species also dependsction becau
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h
using a res
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ption found with HPOA, TPIA and HP
UVA and chlor ption give further insight into 
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can be a good indicator of HAA formation for the three fractions; whereas, TPIN and 
HPIB have a much lower ratio of HAA yield to chlorine consumption suggesting that 
the two fractions contain substances having a high chlorine demand that do not result in 
HAA formation. 
 
In studying t eactivity o ual frac rious chlorination times and 
chlorine doses were selected by different re rchers. Without the presence of bromide, 
the selection of chlorination time ba n influence o tal HAA yield or HAA 
speciation when comparisons are m een different waters. However, in the 
presence of bromide, HAA yield an rom tests with a short chlorination time, 
such as a couple of hours, can be very different compared to those with a long 
chlorinatio  (i.e. 7 days) du rapid reaction e of bromine and the 
different b  incorporation b ith varying OM. Therefore, such 
comparisons of HAA formation m idual frac  from a certain water 
source may or may not be valid. In addition, it should be noted that the total HAA yield 
was also foun  be affected by the initia lorine dose to D  ratio (Chapter 8), even 
in the standard HAA formation potential tests where a 7-day chlorination period is used 
(APHA, 1998). Although the influence of chlorine dose is less apparent when a high 
chlorine to DOC ratio (where no chl e limit occurs chieved and a long 
chlorination period is applied (when the reaction is taken to pletion), it implies that 
the comparisons conducted with NOM from different sources/seasons or their 
corresponding individual fractions, with regard to HAA yiel only give a relative 
indication of the reactivity of NOM.  
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Ta t s r
Chl io
ble 9.1 Summary of s
Water Quality 
udie eporting water quality characterisa
Fractions Collected 
tion and the corresponding HAA formation 
orination 
Conditions 
Reactivity of NOM 
Fractions HAA Speciat n 
R  4 l/mg·aw Water – High SUVA (≥ m) 
Raw water: 
his study) 
DOC = 6.8 mg/L 
UVA = 5 l/mg·m 
- = 0.020 mg/L 
(T
S
Br
 
TP
TPIN (
HPIA (
HPIN (
HPIB (
7, 21 0C, 
IA
:
-   
B:
-   
HPOA (20%, 13) *, 
HPON (14%, 1.6), 
HPOB (7%, 1.9), 
IA (14%, 3.1), 
15%, 1.8), 
14%,  5.4), 
11%, 2.1),  
5%, 1.9) 
pH 7 days 
Fraction (HAA9 – µmol/mmol C) 
HPOA >> HPIA > TPIA = HPIN 
> HPIB > TPIN > HPOB > 
HPON 
HPOA, HPO
HPIA, HPIN
tri-HAA > di
 
HPON, TPIN
tri-HAA ≈ di
 
B, TP
 
HAA
, HPI
HAA
, 
  
Raw water: 
roue et al., 2000b) 
OC = 46.8 mg/L 
(C
D
HPOA (4.6)
TPIA (
HPIA (
8, 20 0C, 
> DCAA
 > DCA
A > TCA
 **, HPON (3.0), 
3.4), TPIN (3.0), 
2.7),  HPIB (2.3) 
pH 3 days 
Fraction (HAA2 – µg/mg C)  
HPOA > TPIA > HPON > HPIB 
> TPIN > HPIA  
HPO: TCAA
TPI: TCAA 
HPIA: TCAA
HPIB: DCA
 > DCAA 
 
A 
A 
Raw water: 
ua and Reckhow, 2007
DOC = 7.1 mg/L 
UVA = 4.4 l/mg·m 
- = 0.046 mg/L 
(H ) 
S
Br
HPO (5
TPI (23
HPI (1
 
7, 20 0C, 
A > di-H
 > di-H
 < di-H
AA 
AA 
AA 
2 days 
Fraction (HAA9 – µmol/mmol C) 
HPO > TPI, HPI 
HPO: tri-HA
TPI: tri-HAA
HPI: tri-HAA
6%, 4.7),  
%, 2.7), 
8%, 2.2) 
pH 
  C
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µg/m
 HP
N 
 
Raw water: 
(Lu et al., 2009) 
DOC = 3.28 mg/L 
SUVA = 4.4 l/mg·m 
Br- = 0.052 mg/L 
HPOA (43.8%, 2.61), 
HPON (34%, 1.82), 
HPOB (1.3%, 0.77), 
HPIA (15.6%, 2.13), 
HPIN (3.1%, 0.80),  
HPIB (2.2%, 1.96) 
pH 7,  25 0C, 2 days 
Fraction (HAA2 – 
HPOA >> HPIA >
HPON > HPOB > HPI
g C) 
IB > 
 
 
DCAA > TCAA  
 
Raw Water – Medium SUVA (4 > SUVA ≥ 2 l/ mg·m) 
Raw water: 
(This study) 
DOC = 2.1 mg/L 
SUVA = 3.6 l/mg·m 
Br- = 0.048 mg/L 
HPOA (30%, 4.7), 
HPON (8%, 1.6), 
HPOB (5%, 2.4), 
TPIA (10%, 5.7), 
TPIN (8%, 1.4), 
HPIA (15%, 2.3), 
HPIN (18%, 3.4),  
HPIB (6%, 2.5) 
pH 7, 21 0C, 7 days 
Fraction (HAA9 – µmo
HPOA > HPIN  ≈ TPI
> TPIN > HPIB > 
HPOB 
l/mm
A > HPI
HPON 
ol C) 
A 
> 
HPOA, TPIA, HPIA, 
HPIN: 
tri-HAA > di-HAA  
 
HPON, HPOB:  
tri-HAA ≈ di-HAA  
 
TPIN, HPIB: 
di-HAA > tri-HAA  
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Raw water: 
(This s
DOC = 2.7 
SUVA
Br- = 0
 
HP
HP
HP
TPI
TPI
HPI
HPI
HPI
 (HA
≈
> TPI
HPOA: tri-HAA > d
N, B, TPI
HPIA, HPIN: 
A i-HAA 
TPIN, HPIB: 
di-HAA > tri-HAA 
tudy) 
mg/L 
 = 3.1 l/mg·m 
.065 mg/L 
OA (25%, 3.6), 
ON (7%, 1.1), 
OB (5%, 1.7), 
A (9%, 1.5), 
N (7%, 0.7), 
A (18%, 3.6), 
N (23%, 2.9),  
B (6%, 2.8) 
pH 7, 21 0C, 7 days 
Fraction
HPOA 
HPON 
HPOB 
A9 – µmol/mmol C) 
 HPIN  > HPIA > 
N ≈ TPIA > HPIB > 
 
HAA 
 
HPO
tri-H
 
i-
A,  HPO
A ≈ d
 
Raw water: 
(Chan
DOC ≈
SUVA
 
HPI
 (HAA2 – 
 HPI > H
g et al., 2001) 
 2 l/mg·m 
 = 3 l/mg·m 
HPOA (20%),  
HPON (20%),  
HPOB (10%), 
 (2%) 
 
pH 7, 25 0C, 7 days 
 
Fraction
HPOA >
µg/mg C) 
PON > HPOB 
 
n.a 
 
Raw water: 
(Hua a
DOC = 4.0 
SUVA
Br- = 0
 
HPO (53
TPI (28
HPI (28
 (HAA9 – 
TPI = HPI
HPO: tri-HAA > di-HA
TPI: tri-HAA = di-HAA 
HPI: tri-HAA < di-HAA 
A 
µmol/mmol C) 
  
 
%, 3.2),  
%, 2.1), 
%, 1.7) 
 
pH 7, 20 0C, 2 days 
 
Fraction
HPO = 
nd Reckhow, 2007) 
mg/L 
 = 2.8 l/mg·m 
.045 mg/L 
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Raw water: 
(This study) 
DOC = 3.0 mg/L 
SUVA = 2.7 l/mg·m 
Br- = 0.069 mg/L 
POA
HPON
HPOB
TPIA (
TPIN (
HPIA 
HPIN 
HPIB (
 
H  (29
 (6%
 (5%
10%
15%
(7%,
(15%
13%
 – l/mmol C) 
 > A > TPIA 
P  TPIN > 
,  
A HA
HPO, TPIA: 
HA
TPIN, HPIB:
HA
%, 3.2), 
, 1.3), 
, 1.7), 
, 1.4), 
, 0.5), 
 2.0), 
, 3.5),  
, 1) 
pH 7, 21 0C, 7 days 
Fraction (HAA9
HPIN > HPOA
≈ HPON ≈ H
HPOB 
µmo
 HPI
IB >
 
HPIA HPIN:
tri-H A > di-
 
tri-HAA ≈ di-
 
 
di-HAA > tri-
A 
A  
A  
 
Raw water: 
(Lee et al., 2003) 
DOC = 3.06 mg/L 
SUVA = 2.4 l/mg·m 
Br- = 0.058 mg/L 
HPO (
TPI (2
HPI (4
38%
0%),
2%) 
 – µg/mg C) 
O 
n.a. 
),  
  pH 7.7, 20 0C, 3 days 
Fraction (HAA9
HPI > TPI > HP
 
Raw water: 
(Chen et al., 2008) 
TOC = 3.78 mg/L 
SUVA = 2.14 l/mg·m 
Br- = n.a.*** 
HPOA
HPIA, 
, HP
HPI
 – µg/mg C) 
 > HPIA > HPIN n.a. 
ON, HPOB 
N, HPIB 
pH 7, 25 0C, 7 days 
Fraction (HAA9
HPOA > HPON
>  
HPIB > HPOB 
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 Raw Water – Low SUVA (< 2 l/mg·m) 
 
Raw wa
(Hua an
DOC = 
SUVA 
Br- = < 
ter: 
d Reckhow, 2007) 
7.9 mg/L 
= 1.6 l/mg·m 
0.01 mg/L 
HPO (43%, 1.
TPI (28%, 1.4
HPI (27%, 0.9
9), 
), 
) 
pH 7, 20 0C, 2 days 
Fraction (HAA9 – µmo
HPI > TPI, HPO 
l/mmol C) 
HPO: tri-HAA > di-HAA 
TPI: tri-HAA > di-HAA 
HPI: tri-HAA = di-HAA 
Raw wa
(Croue 
DOC = 
Low SU
ter: 
et al., 2000b) 
3.0 mg/L 
VA 
 
HPOA (2.9), 
HPON (1.6), 
TPIA (1.8),  
TPIN (0.7), 
HPIA (1.7),  
HPIN (0.5) 
pH 8, 20 0C, 3 days 
Fraction (HAA2 – µg/m
HPOA > HPIA > TPI
> TPIN > HPON  
g C)
A > 
 
HPIN 
HPO: TCAA > DCAA 
TPIA: TCAA > DCAA 
TPIN: DCAA > TCAA 
HPIA: TCAA > DCAA 
HPIB: DCAA > TCAA 
Raw wa
(Kanok
DOC = 
SUVA 
ter: 
kanta
4.73
= 1.6
g C)
 > H
 
PON n.a.  
 
pong et al., 2006a) 
 mg/L 
 l/mg·m 
 
HPOA (29%),
HPON (11%),
HPOB (8%), 
HPIA (18%), 
HPIN (30%),  
HPIB (4%) 
  
  
pH 7,  25 0C, 7 days 
Fraction (HAA5 – µg/m
HPOB > HPIB > HPIN
> HPOA > HPIA 
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 Treated Water 
 
Treated water  
(Lee et al., 2003) 
DOC = 2.39 mg/L 
SUVA = 1.65 l/mg·m 
Br- = 0.053 mg/L 
HPO (28%),  
TPI (22%),  
HPI (50%) 
pH 7, 20 0C, 3 days 
Fraction (HAA9 – µg/mg C) 
HPI > TPI > HPO 
n.a. 
Treated water  
(This study) 
DOC = 1.1 mg/L 
SUVA = 2.1 l/mg·m 
Br- = 0.044 mg/L 
 
HPOA (14%, 3.1), 
HPON (6%, 2.3), 
HPOB (7%, 2.0), 
TPIA (18%, 1.6), 
TPIN (6%, 1.1), 
HPIA (7%, 1.6), 
HPIN (35%, 2.6),  
HPIB (7%, 0.8) 
pH 7, 21 0C, 7 days 
Fraction (HAA9 – µmol/mmol C
HPON > HPIN > TPIA > HPIA
= HPOA > TPIN > HPOB >
HPIB 
) 
 
 
 
T
d
 
d
HPOA, HPIA:  
tri-HAA > di-HAA 
PIN, HPIN, HPIB: 
i-HAA > tri-HAA 
HPON, HPOB, TPIA: 
i-HAA ≈ tri-HAA 
* Fraction (b, a): b is the perce
** Fraction (a): a is the SUVA
*** n.a.: not available 
ntage of a certain fraction in the total NOM; a is the SUVA value of the fraction (l/mg
 value of the fraction (l/mg·m)  
·m) 
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9.3 
9.3.
Under conditions of constant temperat
concentratio
factors determ
unexpected that the nature of brom
inconsistent (even contradictory) in previous
chapter 2). In the study of i
where identical DOC concentration and chlori
brom
it prom
content. A different trend was observed with
HAA co
brom
brom
a low hydrophobic nature.  
 
When chlorination was carried out on a certain
on total HA
dose. In this study, the yield of
concentratio
HAA yield increased with elevated levels of 
dose was applied in the water contain a high 
limitation during chlorination.  
 
.3.2 The effect of bromide ion on HAA speciation 
he effect of bromide ion on HAA speciation is more complicated than its influence on 
AA yield. It has been recognised that the bromine to chlorine ratio plays an important 
le in determining the degree of bromine incorporation. A strong non-linear 
lationship was observed between bromine incorporation factor (BIF) and initial Br/Cl2 
onsumption molar ratio for both THM and HAA by Hua et al. (2006), where data was 
The Effect of Bromide Ion on HAA Formation and Speciation 
1 The effect of bromide ion on HAA yield  
ure and pH, the nature of NOM, DOC 
n, chlorine dose and the initial concentration of bromide in water are key 
ining the yield and species distribution of HAAs. Therefore, it is not 
ine incorporation has been observed to be 
ly reported research studies (as described in 
ndividual NOM fractions from several raw water sources, 
ne dose were applied, the introduction of 
ide was shown to depress the yield of HAAs from hydrophobic fractions, whereas 
oted HAA formation from TPIA and hydrophilic fractions with low aromatic 
 treated water, where greater amounts of 
mpounds were produced by HPOA and HPON in the presence of a high 
ide level. It can be deduced from the above observation that the elevated levels of 
ide concentration can cause an increase in HAA formation for bulk waters having 
 water source, the effect of bromide ion 
A yield varied under different levels of DOC concentration and chlorine 
 HAAs varied slightly with the increase in initial bromide 
n for the selected water source with a high chlorine to DOC ratio; whereas 
bromide concentration when a low chlorine 
DOC concentration, resulting in a chlorine 
9
T
H
ro
re
c
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obtained from chlorination tests on NOM with different characteristics (commercial 
humic substances or natural waters). This finding suggested that the initial Br/Cl  
er, the results from the current research were not 
consum
different behaviour observed in these studi
chlo
 
In Hua et al. (2006)’s study, a ch
at th
indi the same amount of chlorine. In fact, the 
brom
Br/C ption ratio as an approximation of the ratio of available bromide to 
changes in
chlo
low achieved in samples where the NOM 
initi
time of 7 days was used in this study, whereas Hua et al. (2006) and co-workers 
mos
curr
waters show that a relatively steady BIF value can be reached after 48hrs. Therefore the 
operational time between the two studies may not be main cause of the different 
behaviour observed.  
 
The presence of different concentrations of bromide did not cause any apparent changes 
in terms of the distribution of the three HAA sub-classes (mono-, di- and tri-HAAs). 
Nevertheless, the distribution of individual HAA species within each sub-class is 
mainly determined by the ratio of bromide to free available chlorine concentration. The 
nature of NOM also appears affect the production of certain HAA species. For example, 
2
consumption ratio is the prominent determinant in bromine incorporation behaviour 
rather than the nature of NOM. Howev
consistent with this since no correlation was found between BIF and Br/Cl2 
ption for individual NOM fractions separated from different water sources. The 
es may be attributed to the different 
rination conditions used in the two studies.  
lorine dose was applied such that the chlorine residual 
e end of the chlorination time was the same for different NOM, while in this study 
vidual NOM fractions were dosed with 
competition between chlorine and bromine mainly depends on the varying ratio of 
ide to chlorine concentration during chlorination. It is suitable to use the initial 
l  consum2
chlorine concentration when changes in chlorine concentration are comparable to the 
 bromine concentration, ensuring that bromine is competitive during 
rination. However, when identical chlorine doses were applied, an overwhelmingly 
 ratio of bromine to chlorine concentration was 
exerted a low chlorine demand, suppressing the bromine incorporation. In that case, the 
al Br/Cl2 consumption is no longer correlated to BIF. In addition, a chlorination 
conducted the chlorination for 2 days. As mentioned earlier, bromine incorporation is 
t reactive in the beginning of chlorination. The kinetic study carried out in the 
ent research (see earlier – Chapter 4 4.4.3) on individual NOM fractions and bulk 
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a greater amount of TBAA te
under uniform conditions.  
nds to be formed from more hydrophilic NOM samples 
 
9.4 of the Research 
It is clear that there are significant differences in terms of HAA formation potential with 
is a
com eactivity of the NOM constituents as well. Therefore, it 
uni
 
pro
weather and seasons. For instance, conventional treatment can be effective for waters 
remove low molecular weight, more hydrophilic, substances for autochthonous-type 
ear lorination is a useful approach to control algae and 
chl
cell on of algae cells which are 
use
 
The ed HAAs is an important potential problem of concern to 
app
reducing the chlorination period, and increasing the chlorine dose within a reasonable 
bro taining bromide ion.  
 Some Implications 
different source waters and in trying to explain this it is evident that resin fractionation 
 useful, but not a robust method, since the source waters vary not only in the 
position of NOM but in the r
is very difficult to obtain conclusive descriptions about HAA precursors or establish a 
versal model for HAA prediction.  
To effectively control HAA formation, water utilities need to adjust the treatment 
cess based on the characteristics of the local water source and its variability with 
with a mainly terrestrial input, while advanced treatment processes may be needed to 
water sources. Extra care should be taken for water sources with algae problems. In the 
ly stage of an algae bloom, pre-ch
minimise the formation of HAAs from them. However, the application of pre-
orination may not be wise in times of peak algae blooms, as large amounts of intra-
ular material may be released resulting from the erupti
difficult to remove by conventional treatment processes. In this situation, the decision to 
 pre-chlorination or adjust the subsequent treatment process needs to be made based 
on the balance of cost and final treated water quality.  
 formation of brominat
water regulators and utilities. According to the results obtained from this research, 
roaches such as precursor control (enhancing hydrophilic fraction removal), 
range, may be a more cost-effective approach to minimising the formation of 
minated HAAs and total HAA yield for waters con
 223
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FU
10.
effi formation. In addition, the role of 
form
of ater sources used in this study included both raw 
geographical areas ranged from
var
from
and extracellular organic matter are comparable to those from natural water sources. 
pha he experiments are summarised as follows:  
1. 
collected in winter, autumn and spring had a greater hydrophobic content than 
umn water, indicating that the SUVA value is not 
were found to be significant HAA precursors. The studied water source contained 
more tri-HAA precursors than di-HAA precursors, where the ratio of tri-HAA to di-
HAPTER 10    
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1 Conclusions 
This study has investigated the impact of seasonal variation, source difference and the 
ciency of treatment on NOM properties and HAA 
algae as an HAA precursor and the effect of operational/water quality parameters on the 
ation and speciation of THM and HAA, has been considered by conducting a series 
bench-scale experiments. The w
water and treated water. The DOC of the raw waters collected in different seasons or 
 2.1 to 6.8 mg/L, while the SUVA value ranged from 2.6 
to 5.0 l/mg·m. Spatial difference was found to be more significant than seasonal 
iation with regard to the characteristics of NOM and HAA formation. The results 
 the chlorination of algae show that THM and HAA produced by both algae cells 
The formation of THM and HAA was found to vary with algae species and growth 
se. The principal findings from t
 
Water samples were collected from a lowland water source at different times 
corresponding to different seasons. Fractionation results showed that water 
water collected in summer. However, the SUVA value of summer water was higher 
than that for winter and aut
directly related to the NOM hydrophobicity. In the studied, lowland water source, 
all three generic NOM fractions (hydrophobic, transphilic and hydrophilic fractions) 
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HAA stayed relatively constant with or without the bromide spike. An increase in 
the total yield of HAA was found in autumn and spring bulk water with a bromide 
spike, while no apparent increase was found in the summer water. For bulk waters 
AA. For 
 
2. 
ater source in terms of the characteristics and reactivity of NOM. 
lowland source water comprised more hydrophilic content than the upland source 
on from the two water sources. The response to the increase in 
in the total HAA yield from the upland water. The bromine incorporation factor for 
3. er treatment, yet to a 
the most prominent. The treatment process tended to 
 regard to the 
4. 
characteristics of NOM, suggesting that the SUVA value cannot be used as a 
spiked with bromide, the molar concentrations of brominated HAA species were in 
the order: BDCAA > BCAA > CDBAA > DBAA > TBAA > MB
individual NOM fractions, BCAA, BDCAA and CDBAA were the most abundant 
brominated HAA species. The rank of the three in terms of their relative 
concentration depended on the precursors, which differed from fraction to fraction
and also varied with season. 
 Water collected from a upland water source was compared with the water collected 
from a lowland w
Fractionation results showed that water collected from the upland source contained 
more transphilic content than water collected from the lowland source, while the 
water. In upland water, more than 70% of the total HAA formation was contributed 
by the HPOA fraction, whereas all three generic NOM fractions isolated from the 
lowland source played an important role. In addition, differences were also revealed 
in the HAA speciati
bromide concentration was different for the two waters, where spiked bromide 
caused an increase in the total yield of HAA from the lowland water, yet a decrease 
lowland water was 3 times higher than that for upland water, indicating that the 
HAA precursors in lowland water are more amenable for bromine incorporation.  
 A reduction in DOC and SUVA values was observed after wat
different extent. The treatment had changed the distribution of individual NOM 
fractions as well as their reactivity in terms of HAA formation. A 70% reduction in 
total HAA formation was observed after treatment, where the reduction from the 
hydrophobic fraction was 
remove more tri-HAA precursors than di-HAA precursors; however, no apparent 
difference was evident between the raw and treated waters with
individual HAA species distribution. Spiked bromide caused an increase in HAA 
formation from both raw and treated bulk waters.  
 The correlation between SUVA value and HAA formation differs with the 
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universal surrogate in HAA prediction. However, it reveals the specific structural 
characteristics of NOM and thus contributes to the understanding of the reactivity 
of NOM and its capacity for bromide incorporation. In addition, parameters such as 
A formation over time, suggesting that they are good 
5.  and Microcystis aeruginosa were selected 
was found between TTHM and THAA yield with growth phase and a direct 
greater than that from EOM. However, the specific yield from EOM was slightly 
istribution of HAA compounds varied with algae 
s. The degree of bromine incorporation changed 
was found with Microcystis samples with regard to the bromination of HAAs, while 
6.  The impact of chlorine dose, initial DOC concentration and bromide concentration 
ine dose, while the formation of THM varied with 
r specific yield of HAA and total DPB (THM+HAA) 
compared to NOM at a low concentration. However, no obvious difference was 
the changes in UV absorbance at 272 nm (∆A272) and chlorine consumption have a 
good correlation with total HA
indicators of the halogenated by-product process. However, the two parameters are 
also source water dependent.  
 Two algae species, Anabaena flos-aqua
to study their contribution to the THM and HAA formation. A close relationship 
association with biomass (cells and EOM). In contrast, no clear association was 
found for the specific yield (per unit carbon) with the growth phase. For both algae 
species, the absolute yield of TTHM and THAA from cells was substantially 
greater than cells for Anabaena, while the opposite trend was found for Microcystis. 
An antagonistic interaction between cells and EOM was observed for both algae 
species with regard to THM and HAA formation, though it was less apparent for 
Microcystis than Anabaena. The d
species as well as growth phase. The presence of bromide shifted the relative DBP 
speciation from HAAs to THM
with growth age, where a higher bromine incorporation into THMs occurred at the 
early growth phase and decreased until the later stationary phase. A similar trend 
the extent of bromine incorporation increased with the growth age in samples 
containing Anabaena. When comparing to the natural source water, the behaviour 
of algal cells was similar to the hydrophobic fractions in terms of reactivity to form 
DBPs, while the behaviour of algal EOM was similar to the hydrophilic fractions. 
has been examined using samples of a raw water. The formation of HAA was found 
to increase with increasing chlor
increasing chlorine dose. The changes in DBP formation with chlorine dose were 
more prominent for samples with higher initial DOC concentration. NOM at a high 
concentration had a lowe
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observed with various DOC concentrations (from a particular NOM sample) in 
terms of specific TTHM yield. An increasing bromide concentration caused an 
elevation in TTHM yield, while the formation of THAA varied with the changes in 
rithmic linear regression model could better estimate the total formation 
TTHM and THAA, the bromide concentration had a more significant impact on 
incorporated species. The species 
value of BIF was observed for 
value of the factors estimated from the models suggests that the ratio of initial 
 
 
 
 
 
bromide concentration. Further investigation showed that interactions exist among 
chlorine dose, initial DOC concentration and initial bromide concentration in DBP 
formation and speciation, which is especially prominent under certain 
circumstances, such as when the precursors are limited. Efforts were made to build 
empirical models for estimating THM and HAA formation. The results suggested 
that a loga
of THM and HAA as compared to a simple linear regression model, in which the 
initial DOC concentration is the primary estimator. In contrast to the yield of 
speciation. The increase in bromide concentration caused a shift in DBP speciation 
from chlorinated species to more bromine 
distribution within each DBP group is controlled by the ratio of bromine to chlorine 
concentration and the ratio of bromine to DOC concentration. Bromine 
incorporation factors for THM and HAA were found to increase with increasing 
[Br-]/[Cl]af at constant chlorine dose and initial DOC concentration. At constant  
[Br-]/[Cl]af and initial DOC concentration, a higher 
samples dosed with a higher concentration of chlorine. BIF was found to decrease 
with an increase in initial DOC concentration when [Br-]/[Cl]af and chlorine dose 
were held constant. Models for DBP species distribution were established 
employing probability theory. The model for THM had a similar form as the model 
for HAA, both of which demonstrated a good fit to the experimental data. The 
bromide to DOC concentration is a more important determinant in THM or HAA 
speciation than the ratio of bromide concentration to chlorine dose. 
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10.2 Recommendations for Future Research 
The following recommendations are proposed for future research based on the 
wledge gained in this dissertation: 
Physical fractionation techniques are needed to further fractionate each individual 
NOM based on their molecul
kno
1. 
ar weight, as this can provide more information related 
 groups and the 
2. 
se prominent intermediates for different DBP 
3. he effect of individual treatment 
 the study will help to estimate the effectiveness of 
4. Further studies on the impact of the operational/water quality parameters on HAA 
tion of algae to 
to the structural difference for NOM isolates within groups having certain chemical 
properties. In addition, sophisticated analytical techniques such as 13C nuclear 
magnetic resonance spectroscopy, fluorescence and fourier transform infrared 
spectrometry are also required to determine the presence of carbon-carbon double 
bonds with electro donating or electron withdrawing functional
information of other functional groups.  
An analysis of the structural changes in the NOM before and after different 
chlorination periods may help to expo
species.  
Further studies would be valuable concerning t
processes on the characteristics of NOM and HAA formation potential. In addition, 
using various water sources in
the treatment process more comprehensively.  
formation would be worthwhile using water samples collected from different 
sources. 
5. More sophisticated analytical techniques are needed to examine the characteristics 
of algae biomass (cells and EOM). In addition, further study carried out on the 
fractionation of EOM will give better understanding in the contribu
total HAA formation. 
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PPENDIX 
Method detection limits (MDLs) 
Fortification Level 
(µg/L) 
Detection Limits 
(µg/L) 
THMs 
Chloroform (TCM) 0.5 0.30 
Bromodichloromethane (BDCM) 0.5 0.15 
Dibromochloromethane (DBCM) 0.5 0.13 
Bromoform (TBM) 0.5 0.18 
HAAs 
Monochloroacetic acid (MCAA) 4.5 3.28 
Monobromoacetic acid (MBAA) 1 0.38 
Dichloroacetic acid (DCAA) 0.5 0.14 
Trichloroacetic acid (TCAA) 0.5 0.10 
Bromochloroacetic acid (BCAA) 0.5 0.10 
Bromodichloroacetic acid (BDCAA) 0.5 0.12 
Dibromoacetic acid (DBAA) 0.5 0.08 
Chlorodibromoacetic acid (CDBAA) 1 0.42 
Tribromoacetic acid (TBAA) 1 0.55 
              
  
Table A-2. Individual THM precision – Blank water 
Compound 
BL * 
(µg/L) 
FL ** 
(µg/L) 
OL *** 
(µg/L) 
RR **** 
(%) 
FL 
(µg/L) 
OL 
(µg/L) 
RR 
(%) 
FL 
(µg/L) 
OL 
(µg/L) 
RR 
(%) 
TCM 0 1.5 1.49 98 30 26.69 89 80 65.64 82 
BDCM 0 1.5 1.23 82 30 26.02 87 80 65.47 82 
DBCM 0 1.5 1.34 89 30 29.05 97 80 74.79 93 
TBM 0 1.5 1.36 91 30 30.99 103 80 77.33 97 
* BL: Background Level;    ** FL: Fortification Level;   *** OL: Observation Level;   **** RR: Recovery Rate 
 
 
 
Table A-3. Individual THM precision – Sample water 
Compound 
BL * 
(µg/L) 
FL ** 
(µg/L) 
OL *** 
(µg/L) 
RR **** 
(%) 
FL 
(µg/L) 
OL 
(µg/L) 
RR 
(%) 
FL 
(µg/L) 
OL 
(µg/L) 
RR 
(%) 
TCM 0 1.5 0.95 63 30 22.43 75 80 66.95 84 
BDCM 0 1.5 1.13 75 30 23.42 78 80 67.23 84 
DBCM 0 1.5 1.33 89 30 29.00 97 80 74.31 93 
TBM 0 1.5 1.4 93 30 30.71 102 80 75.87 95 
* BL: Background Level;    ** FL: Fortification Level;   *** OL: Observation Level;   **** RR: Recovery Rate 
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Table A-4. Individual HAA precision – Blank water 
Compound 
BL * 
(µg/L) 
FL ** 
(µg/L) 
OL *** 
(µg/L) 
RR **** 
(%) 
FL 
(µg/L) 
OL 
(µg/L) 
RR 
(%) 
FL 
(µg/L) 
OL 
(µg/L) 
RR 
(%) 
MCAA 0 5 3.36 67 30 32.51 108 160 187.35 117 
MBAA 0 2 2.85 142 30 27.63 92 160 184.20 115 
DCAA 0 2 2.48 124 30 30.81 103 160 168.98 106 
TCAA 0 2 1.63 82 30 30.58 102 160 166.98 104 
BCAA 0 2 2.26 113 30 31.70 106 160 178.48 112 
BDCAA 0 2 1.54 77 30 28.99 97 160 143.59 90 
DBAA 0 2 1.65 83 30 31.24 104 160 170.26 106 
CDBAA 0 2 2.36 118 30 23.04 77 160 139.04 87 
TBAA 0 2 1.53 77 30 23.96 80 160 148.20 93 
* BL: Background Level;    ** FL: Fortification Level;   *** OL: Observation Level;   **** RR: Recovery Rate 
 
 
 
 
 
 
 
 
 
 
 
 A
ppendix        
                       
                          
245 
  
Table A-5. Individual HAA precision – Sample water 
Compound 
BL * 
(µg/L) 
FL ** 
(µg/L) 
OL *** 
(µg/L) 
RR **** 
(%) 
FL 
(µg/L) 
OL 
(µg/L) 
RR 
(%) 
FL 
(µg/L) 
OL 
(µg/L) 
RR 
(%) 
MCAA 0 5 3.78 76 30 32.80 109 160 168.40 105 
MBAA 0 2 2.68 134 30 30.75 102 160 171.10 107 
DCAA 0 2 2.55 128 30 30.73 102 160 175.12 109 
TCAA 0 2 2.53 127 30 31.08 103 160 166.94 104 
BCAA 0 2 2.25 113 30 31.72 105 160 175.87 110 
BDCAA 0 2 1.47 74 30 21.25 71 160 154.21 96 
DBAA 0 2 2.11 106 30 31.19 104 160 167.69 105 
CDBAA 0 2 1.63 82 30 24.04 80 160 149.52 93 
TBAA 0 2 1.56 78 30 25.45 85 160 149.63 94 
* BL: Background Level;    ** FL: Fortification Level;   *** OL: Observation Level;   **** RR: Recovery Rate 
 
 
 
 
 
 
 
 
  A
ppendix       
                       
                          
246 
  
Table A-6. Pearson bivariate correlation of different parameters with total DBP formation   
 Chlorine Dose DOC [Br
-] [Cl]c [Cl]af [Br]/DOC [Br]/[Cl]0 [Br]/[Cl]af THAA TTHM TDBP 
Chlorine 
Dose 
Pearson  1   
 Sig. (2-tailed)     
DOC Pearson  .096 1   
 Sig. (2-tailed) .311    
[Br-] Pearson  .006 .065 1   
 Sig. (2-tailed) .948 .494    
[Cl]c Pearson  .321(**) .954(**) .150 1   
 Sig. (2-tailed) .001 .000 .112    
[Cl]af Pearson  .925(**) -.283(**) -.054 -.064 1   
 Sig. (2-tailed) .000 .002 .571 .499    
[Br]/DOC Pearson  -.028 -.441(**) .711(**) -.379(**) .123 1  
 Sig. (2-tailed) .765 .000 .000 .000 .194   
[Br]/[Cl]0 Pearson  -.275 .026 .928 .038 -.305 .679 1  
 Sig. (2-tailed) .003 .780 .000 .687 .001 .000   
[Br]/[Cl]af Pearson  -.302(**) .152 .890(**) .142 -.375(**) .538(**) .979 1  
 Sig. (2-tailed) .001 .106 .000 .131 .000 .000 .000   
THAA Pearson  .461(**) .835(**) .005 .928(**) .113 -.415(**) -.128 -.055 1  
 Sig. (2-tailed) .000 .000 .957 .000 .232 .000 .176 .563   
TTHM Pearson  .324(**) .885(**) .269(**) .924(**) -.030 -.282(**) .168 .275(**) .811(**) 1  
 Sig. (2-tailed) .000 .000 .004 .000 .752 .002 .073 .003 .000   
TDBP Pearson  .421(**) .900(**) .127 .973(**) .052 -.374(**) .003 .095 .963(**) .939(**) 1 
 Sig. (2-tailed) .000 .000 .177 .000 .580 .000 .974 .313 .000 .000   
** Correlation is significant at the 0.01 level (2-tailed). 
*   Correlation is significant at the 0.05 level (2-tailed). 
 
 
  A
ppendix       
                       
                          
247 
  
Table A-7. Partial correlation of different parameters with total DBP formation   
Control 
Variables   
Chlorine 
Dose [Cl]c [Cl]af [Br
-] [Br]/[Cl]0 [Br]/[Cl]af THAA TTHM TDBP 
DOC Chlorine Dose Correlation 1.000  
  Significance (2-tailed) .  
 [Cl]c Correlation .771 1.000  
  Significance (2-tailed) .000 .  
 [Cl]af Correlation .997 .718 1.000  
  Significance (2-tailed) .000 .000 .  
 [Br-] Correlation .000 .295 -.037 1.000  
  Significance (2-tailed) 1.000 .002 .698 .  
 [Br]/[Cl]0 Correlation -.279 .043 -.310 .929 1.000  
  Significance (2-tailed) .003 .648 .001 .000 .  
 [Br]/ [Cl]af Correlation -.321 -.009 -.350 .892 .618 1.000  
  Significance (2-tailed) .001 .921 .000 .000 .986 .  
 THAA Correlation .696 .800 .661 -.089 -.272 -.334 1.000  
  Significance (2-tailed) .000 .000 .000 .349 .004 .000 .  
 TTHM Correlation .517 .572 .494 .455 .312 .305 .282 1.000  
  Significance (2-tailed) .000 .000 .000 .000 .001 .001 .002 .  
 TDBP Correlation .771 .876 .734 .159 -.047 -.097 .880 .703 1.000 
  Significance (2-tailed) .000 .000 .000 .093 .618 .307 .000 .000 . 
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Table A-8. Pearson bivariate correlation of different parameters with specific DBP formation 
  
Chlorine 
Dose DOC [Br
-] [Cl]0/DOC [Cl]c [Cl]af [Br]/DOC [Br]/[Cl]0 [Br]/[Cl]af SHAA STHM SDBP 
Chlorine 
Dose 
Pearson  1   
  Sig. (2-tailed)     
DOC Pearson  .096 1   
  Sig. (2-tailed) .311    
[Br-] Pearson  .006 .065 1   
  Sig. (2-tailed) .948 .494    
[Cl]0/DOC Pearson  .334(**) -.798(**) -.052 1   
  Sig. (2-tailed) .000 .000 .585    
[Cl]c Pearson  .321(**) .954(**) .150 -.720(**) 1   
  Sig. (2-tailed) .001 .000 .112 .000    
[Cl]af Pearson  .925(**) -.283(**) -.054 .641(**) -.064 1  
  Sig. (2-tailed) .000 .002 .571 .000 .499    
[Br]/DOC Pearson  -.028 -.441(**) .711(**) .436(**) -.379(**) .123 1  
  Sig. (2-tailed) .765 .000 .000 .000 .000 .194   
[Br]/[Cl]0 Pearson  -.275(**) .026 .928(**) -.136 .038 -.305(**) .679(**) 1  
  Sig. (2-tailed) .003 .780 .000 .149 .687 .001 .000   
[Br]/ [Cl]af Pearson  -.302(**) .152 .890(**) -.240(**) .142 -.375(**) .538(**) .979(**) 1  
  Sig. (2-tailed) .001 .106 .000 .010 .131 .000 .000 .000   
SHAA Pearson  .662(**) -.484(**) -.151 .605(**) -.266(**) .805(**) .113 -.311(**) -.410(**) 1  
  Sig. (2-tailed) .000 .000 .110 .000 .004 .000 .230 .001 .000   
STHM Pearson  .562(**) -.222(*) .428(**) .413(**) -.067 .619(**) .421(**) .282(**) .225(*) .406(**) 1  
  Sig. (2-tailed) .000 .018 .000 .000 .478 .000 .000 .002 .016 .000   
SDBP Pearson  .735(**) -.437(**) .127 .618(**) -.211(*) .859(**) .298(**) -.056 -.151 .875(**) .798(**) 1 
  Sig. (2-tailed) .000 .000 .177 .000 .024 .000 .001 .554 .108 .000 .000   
** Correlation is significant at the 0.01 level (2-tailed). 
*   Correlation is significant at the 0.05 level (2-tailed). 249 
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Table A-9. Partial correlation of different parameters with specific DBP formation   
Control 
Variables   
Chlorine 
Dose [Br
-] [Br]/[Cl]0 [Br]/[Cl]af SHAA STHM 
 
SDBP 
DOC Chlorine Dose Correlation 1.000  
  Significance (2-tailed) .  
 [Br-] Correlation .000 1.000  
  Significance (2-tailed) 1.000 .  
 [Br]/[Cl]0 Correlation -.279 .929 1.000 
  Significance (2-tailed) .003 .000 . 
 [Br]/[Cl]af Correlation -321 .892 .986 1.000
  Significance (2-tailed) .001 .000 .000 .
 SHAA Correlation .814 -.137 -.341 -.389 1.000
  Significance (2-tailed) .000 .149 .000 .000 .
 STHM Correlation .601 .455 .295 .269 .350 1.000
  Significance (2-tailed) .000 .000 .002 .004 .000 .
 SDBP Correlation .867 .173 -.049 -.096 .843 .799 1.000
  Significance (2-tailed) .000 .066 .603 .314 .000 .000 .
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Table A-10. Coefficient of regression models for total THM and HAA formation 
Unstandardized 
Coefficients 
Standardized 
Coefficients 
95% Confidence 
Interval for B 
Correlations 
Model 
B Std. Error Beta 
t Sig. 
Lower Upper Zero-order Partial Part 
Const. -.533 .083  -6.444 .000 -.697 -.369    
DOC 4.241 .162 .848 26.213 .000 3.920 4.561 .885 .928 .843 
CD -.533 .345 .242 7.484 .000 1.901 3.270 .324 .581 .241 
TTHM1 
[Br-] .019 .003 .212 6.584 .000 .013 .025 .269 .532 .212 
Const. -.173 .054  -3.226 .002 -.279 -.067    
CC 12.675 .482 .904 26.293 .000 11.720 13.630 .924 .928 .894 TTHM2 
[Br-] .012 .003 .133 3.870 .000 .006 .018 .269 .345 .132 
Const. -.752 .119  -6.326 .000 -.987 -.516    
DOC 5.055 .239 .798 21.173 .000 4.581 5.528 .835 .895 .794 THAA1 
CD 5.216 .511 .385 10.213 .000 4.204 6.228 .461 .696 .383 
Const. -.399 .090  -4.408 .000 -.578 -.219    
CD 2.388 .414 .176 5.764 .000 1.567 3.209 .461 .482 .167 
CC 15.826 .549 .891 28.823 .000 14.738 16.915 .928 .940 .834 
Simple 
Linear 
THAA2 
[Br-] -.015 .003 -.129 -4.418 .000 -.021 -.008 .005 -.388 -.128 
Const. 1.990 .044  19.812 .000 .778 .951    
DOC .873 .026 .880 33.258 .000 .821 .926 .922 .954 .868 
CD .461 .056 .215 8.224 .000 .350 .573 .290 .617 .215 
Logarithmic
Linear 
TTHM3 
[Br-] .086 .013 .170 6.459 .000 .060 .113 .300 .524 .169 
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Const. 2.556 .041  26.820 .000 1.028 1.192    
DOC .776 .026 .871 30.138 .000 .725 .827 .893 .944 .859 
CD .643 .055 .334 11.635 .000 .533 .752 .406 .741 .333 
THAA3 
[Br-] -0.018 0.013 -0.040 -1.394 0.06 -0.044 -0.008 -0.089 -0.132 -0.040 
Const. 3.265 .045  31.737 .000 1.330 1.507    
CD .305 .054 .159 5.638 .000 .198 .412 .406 .473 .153 
CC .983 .031 .922 31.945 .000 .922 1.044 .939 .950 .865 
Logarithmic
Linear 
THAA4 
[Br-] -.054 .013 -.118 -4.257 .000 -.079 -.029 .089 -.376 -.115 
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Figure A-1. Variation of THM species distribution with bromide concentration for different initial NOM concentrations (as DOC) of (a) 1 
mg/L, (b) 3 mg/L, and (c) 4 mg/L (CD: chlorine dose) 
 
 
 
 
 
 
 
 
 
 A
ppendix        
                       
                          
254 
  
 
 
H
A
A
 
s
p
e
c
i
e
s
/
T
H
A
A
 
H
A
A
 
s
p
e
c
i
e
s
/
T
H
A
A
 
 A
ppendix        
                       
                          
255 
  
 
Figure A-2. Variation of HAA species distribution with bromide concentration and chlorine dose for different NOM concentrations (as DOC) 
of (a) 1 mg/L, (b) 3 mg/L, and (c) 4 mg/L (CD: chlorine dose) 
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Figure A-3. Variation of bromine incorporation factor for THM with [Br-]/[Cl]af ratio 
for different chlorine doses and initial NOM concentrations (as DOC) of (a) 1 mg/L (b) 
2 mg/L (c) 3 mg/L and (d) 4 mg/L (CD: chlorine dose) 
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Figure A-4. Variation of bromine incorporation factor for HAA with [Br-]/[Cl]af ratio 
for different chlorine doses and initial NOM concentrations (as DOC) of (a) 1 mg/L, (b) 
2 mg/L, (c) 3 mg/L, and (d) 4 mg/L (CD: chlorine dose) 
 
 
 
 
  
 
 
 
Figure A-5. Modelling (a) di-HAA and (b) tri-HAA speciation for NOM at a DOC concentration of 4 mg/L 
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